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Abstract

Marine Heatwave$MHWSs) in the North PacifidNP) have attracted widespread attention
due to their adverse effectRecent studies have focused on understanding the mechanisms
driving NP MHWSs, particularly during events like the significant 2@D46 Northeast Pacific
(NEP) MHWSs, to improve early forecasting and reduce their negative effébis. study
investigates thalrivers of MHWs using the Estimating the Circulation and Climate of the
Ocean technology, which incorporates the Massachusetts Institute of Technology general
circulation model along with its adjoint model. The adjoint method enables efficient detection
of causal relationships by tracing observed effects back to potential causesmain target
regionshave beerselected145°~ 160°W, 48°~ 56°N 163° ~ 169°E, 52° ~ 56°N\based on
yearlong anomalous warming in the upper 160 of the oceanto identify the drivers
influencing the NEP MHWs\Northwest Pacific NWP) MHWs. For NEP MHWSs, atmospheric
forcing anomalieshat occurwithin three month®eforean MHW year are particularlgritical
in driving these events. Locdalrbulentsurface heaflux is identified asthe main factar
responsible for up to 80% of temperature anomalies during MHW years, with air temperature,
specific humidity, and longwave radiation being significant contributosizBintal wind,
which are associated with a deepémor shallowed mixed layeareless influential in the NEP,
where they appear to precondition MHWSs through climate oscillations rather than directly
causing them. In contrast, NWP MHWs are greatly affectedibg-related processes and are
quite responsie to the background conditions, which do not significantly impact the NEP
MHWSs. In the NWR both heat fluxand windinducedvertical advectionplay dominant roles.

Air temperature, horizontal winds, and radiative flux each contribute approximately 30%,
while specific humidity, which contributes significantlp the NEP, has the smallest
contribution(~10%) to the NWP.These complex mechanisms highlight the coupled processes

and regional specificity in understanding and predicting MHWSs across the NP gidbibe
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Zusammenfassung

Marine Hitzewellen (MHWSs) im Nordpazifik (NP) haben aufgrund ihrer negativen
Auswirkungen gro3e Aufmerksamkeit erregt. Neueste Studien konzentrieren sich darauf, die
Mechanismen zu verstehen, die die MHWs im NP antreibeshesondere wéhrend
Ereignissen wie den bedeutenden Hitzewellen im Nordostpazifik (NEP) von 2014 bis 2016.
Ziel ist es, die Frihprognose zu verbessern und ihre negativen Effekte zu verridigem.
Studie untersucht die Treiber von MHWSs unter Verwenddeg Technologie zur Schéatzung
der Zirkulation und des Klimas des Ozeans. Diese umfasst das allgemeine Zirkulationsmodell
des Massachusetts Institute of Technology sowie dessen adjungiertes Modell. Die adjungierte
Methode ermdglicht eine effiziente Erkengukausaler Beziehungen, indem beobachtete
Effekte auf mogliche Ursachen zurtickverfolgt werdéwei Hauptzielregionen wurden
ausgewahlt (145° ~ 160°W, 48° ~ 56°N; 163° ~ 169°E, 52° ~ 56°N), basierend auf einjahrigen
anomal warmen Oberflachenschichten hisl®0 m Tiefe im Ozean. Ziel ist es, die Treiber zu
identifizieren, die die NE®MHWs und die MHWs im Nordwestpazifik (NWP) beeinflussen.

Fur NERMHWSs sind atmosphéarische Anomalien, die innerhalb von drei Monaten vor einem
MHW-Jahr auftreten, besonders ehisidend fir die Entstehung dieser Ereignisse. Der lokale
turbulente Oberflachenwarmefluss wird als Hauptfaktor identifiziert, der bis zu 80 % der
Temperaturanomalien wahrend der MHFMAhre verursacht. Lufttemperatur, spezifische
Feuchtigkeit und langwellg Strahlung leisten dabei signifikante Beitrage. Horizontale Winde,
die mit einer vertieften oder flacher gewordenen Mischschicht verbunden sind, haben im NEP
einen geringeren Einfluss. Sie scheinen die MHWs durch Klimaschwankungen
vorzubedingungen, anstatie direkt zu verursacheim Gegensatz dazu werden die NWP
MHWSs stark von windbezogenen Prozessen beeinflusst und reagieren stark auf die
Hintergrundbedingungen, die NEWWHWSs nicht wesentlich beeinflussen. Im NWP spielen
sowohl der Warmefluss als aucle dvindbedingte vertikale Advektion eine dominierende
Rolle. Lufttemperatur, horizontale Winde und Strahlungsfluss tragen jeweils etwa 30 % bei,
wahrend die spezifische Feuchtigkeit, die im NEP erheblich beitragt, den geringsten Einfluss
(~10 %) auf den NW hat.Diese komplexen Mechanismen verdeutlichen die gekoppelten
Prozesse und die regionale Spezifitat im Verstandnis und in der Vorhersage von MHWs im NP

und weltweit.
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Abbreviations

AF Atmospheric Forcing

ECCO Estimating the Circulation and Climatetbe Ocean
ENSO El Nifio-Southern Oscillation

EOF Empirical OrthogonalFunction

ETOPO5 Earth Topography-&arcmin grid dataset
GM Geni McWilliams

KE Kuroshio Extension

KOE KuroshioOyashio Extension

KP Kamchatka Peninsula

KPP K-Profile Parameterization scheme

LW Downward Longwave Radiation

MHW Marine Heatwave

MITgcm Massachusetts Institute of Technology general circulation model
NEP Northeast Pacific

NP North Pacific

NPGO North Pacific Gyre Oscillation

NPSH North PacificSubtropical High

NWP Northwest Pacific

PDO Pacific Decadal Oscillation

PRE Precipitation

SH Specific Humidity

SOMs Sel+Organizing Maps

SSH Sea Surface Height

SSHa Sea Surface Height anomalies

SSST Sea Subsurface Temperature

SSSTa Sea SubsurfacBemperature anomalies
SST Sea Surface Temperature

SSTa Sea Surface Temperature anomalies
SW Downward Shortwave Radiation

T2M Air Temperature

TAF Transformation of Algorithms in Fortran
U Zonal Wind Velocity

V Meridional Wind Velocity

WAF WaveActivity Flux

WBS Western Bering Sea

5|Page



List of Publications

The first part of the results presented in this dissertation has been accepted for publication as

1. Xiaoxue Wang, Armin Koéhl, Detlef Stamm&ortheast Pacific Marine Heatwaves
Mechanism Inferred from Adjoint Sensitivities. Journal of Climggccepted and in

production)

Thesecondpart of the results presented in this dissertation hasgreparedor publication as

2. Xiaoxue Wang, Armin Kohl, Detlef Stamnfeotentid Drivers of Northwest Pacific Marine

Heatwaves Inferred from Adjoint Sensitivitil® be submitted)

6| Page



Table of Contents

A B S T R A T e e 3.
A B B REV I AT ION S ettt 5
LIST OF PUBLICATIONS ..ottt ettt et e et e ee et e e e e e e e e e e e e mm s 6
L INTRODUCTION .ottt e e, 9
I Y, [0 (V7= 1 1o ] o DT RPRURTRN 9

1.2 ThESIS ODJECHVES.....ueiiie e eeee e e eenees 11
1.30ULINE Of the thESIS. ..o 11

2 BACKGROUND ...t e e e e eee e 13
2.0 DEfiNIION OFf MHWV S . ..o e et 13
2.2Determinants of TEMPEIatULE...........ooevviiiiiiiimee e e 15

2.3 Progress in MHW RESEAICH..........uuiiiiiiiiiiiii e 17

3 DATA AND METHODOLO G oot 25
I R D = IS To ] U (o =R 25

G J22 V| N o o] 1 o PO 27

3.3 AdJOINT METNOA. .....eeiiiiiiiiiiiie e 33

3.4 ContributionN ANAIYSIS. .....uuueiiiii e eeeet e ——————————- 36

3.5 Perturbation EXPEeriMENTS.........uuuiiiiiiiiiiiiie ettt e e s e e e e e 38

3.6 AdjoiNt Validation............uueeiiiiee e eee e e —————— 40

4.1 Northeast Pacific Marine Heatwaves Mechanism..........ccovveveiiiiieeneennn A4
4.1.1. NEP MHW Research REQLOM........uuuiiiiiiiiiiiiieeeeieeiieeeee e 45
4.1.2. NEP MHW Model Satip.........coovvimiiiiiiiimmreeeeeesse e A8
4.1.3. NEP MHW SeNSIHIVITIES. . e eee e eaa e 51
4.1.4. NEP MHW RECONSIIUCHION. .. .. eee et 69
4.1.5. NEP MHW Forecast POENUAL .........cooue e 73
4.1.6. NEP Monthly MHWS.......oooiiiiiemee e 77
A.1.7. NEP MHW DiSCUSSION. . e eeeeeee ettt e et e e remm e e e e e e eeens 80
4.1.8. NEP MHW SUMMAIY....ccuuiiiiiiiiiiiiii ettt reene st e e e e ennns 83

4.2 Northwest Pacific Marine Heatwaves MechaniSm.........coovveveeeiieceeeeeieeeeeeen 84
4.2.1. NWP MHW Research RegIQN..............uuuiiiiiiiceeeeiiesee e eeeeee e 85
4.2.2. NWP MHW MOAEl SEHP.......ccceeiiiiiiiiiiiieiieeeinerrereeseeeeeeeeeeessmenseseeeseeaaeeed 87
4.2.3. NWP MHW SENSIIVILIES. .. cn et 89
4.2.4. NWP MHW Perturbation EXPeriments. ...........uuueeeeiiiiieemiuireiiieieiiieeeeeeeeenns 104
4.2.5. NWP Surface MHW in July 2022...........ccouuiiiiiiiiieeeceee e eeee 108
4.2.6. NWP MHW DiSCUSSION. . ettt ettt et eeee e et et e e e e e e e e e e ream e e e eeneeneens 113
4.2.7.NWP MHW SUMMAIY... oottt eiemmee e e et eneee e e e e e eanneeeees 115

5 CONCLUSION AND DISCUSSION. ..ottt 116
LT AT [ 1] 1 =V V2 PP 116

LI B 1Yo U1 (0] o TSR 118

7| Page



LSRG O 101 (o]0 ] RO 121

REFERENCES. ... .. s e e e e aaaan 125
DATA AND CODE AVAILA BILITY oot 147
ACKNOWLEDGMENTS ... e 148

8| Page



1 Introduction

1.1 Motivation

In the past, heatwaves land haveeceivael more attention due to thammmediateeffects

on human societye.g.wildfires, Jain et al., 2024 There have been numerous land heatwave

eventsin recentdecades, with the 2003 heatwave being particularly notable due to its severe
effects(Russo et al., 203 %hristidis et al., 201,55tott et al., 2004 However therehas been

an increasing emphasis marine heatwaves (MHWgcentlyowing to their huge impacts on

the ecosystem@-rolicher & Laufkdtter, 2018 MHWs have been linked tadverse effects

such ascoral bleachingWyatt et al., 2028 changesn species distributiongWelch et al.,

2023, andnegativeeffects on the health of fish, marine mammals, and other marine organisms
(Fazli_et al., 2025 Joyce et al., 2023Pearce & Feng, 20)3Additionally, MHWs can
influence human healtffCampbell et al., 20)8and food productivity by affecting the

reproductionand growth of plankton (Zhan et al., 2024Chauhan et al., 2023 These

phenomena also pose risks to infrastructbi@tog et al., 20235mith et al., 2021

An MHW event is essentially a phenomenon of abnormally high ocean temperatures
including both ocean surface and subsurfegers The occurrenceand intensity of these

anomalous temperatueyentshave beerrising (Mohamed et al., 2022Perkins & Lewis, 2020

Schlegel et al., 20)7as aconsequencef climate chang€Capotondi et al., 2024pillman et

al., 2021 Intergovernmental Panel @limate Change (IPCC), 20p3'his trend is expected to

exacerbate further during the coming decades based on the climate projdotibey &
Kumar, 2023 Amaya et al., 2021Qiu et al., 2021 Hayashida et al., 202®Ilecha & Soares,
202Q Alexander et al., 20)8Multiple studies have beetarried outto deerminethe drivers

of MHWSs, with heat budget analysis being a commonly employed mé#tbdnase et al.,

2024 Bian et al., 2023Wang et al., 2029. In addition, some researchers empsigtistical
analysis(Zhang et al., 2028, wave activity flux(WAF, Shi et al., 2024 Ha et al., 202p and
self-organizing maps (SOM®liver et al., 2018Schlegel et al., 20} 7o analyzethe potential

remote driverand to detect the subsurface MHWH&e first goal of his researcis tobuild on
existing methods binvestigaing the potential drivers of these extreme events using a novel
methodology from a different perspective, dogrovide predictive signals or, at the very least,

enhanceheunderstanding of such phenomena to midgheir adverse impacts.
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Among all MHWSs, the North Pacific (NRegionis notably affected due to its significant

impact on ecosystems and their overall functiorffelch et al., 20283 This area hosts some

of the mostproductive marine environments the world and supports diverse coastal
communities making it particularly vulnerable to changesemperatureAdditionally, the NP
is alsocritical to global climate systemsnainly due to thenteractionghat occurbeween the
ocean andhe atmosphere. For instandgprtheast PacificNEP) MHWs can be modulated by
the Pacific Decadal Oscillation (PD®gen et al., 2023 The North Pacific Oscillation can
further modulate the stratospheric polar vortag, well as influencéhe El Nifia Southern
Oscillation (ENSO) and other climate patte(®ng, 202% Yet, the driversof NP MHWSs

including atmospheric forcing/AF), ocean circulation shiftsand global warming remain

incompletely understood, limiting the ability predict.

However, reent researclon MHWSs has predominantly concentrated on the NERg( 1,
Song et al., 2028 Ren et al., 2023Chen et al., 2023Capotondi et al., 2022Amaya et al.,
2020, with relatively fewer studies examining thNerthwest Pacific (NWPNoh et al., 2023
Li et al., 2023 Du et al., 202P Most studies targeting the NWPMeefocused on the South
China Sea and East S@au et al., 2022 Oliver et al., 2021Yao & Wang, 202). Notably,
NEP MHWs are interconnected with NWP dynamics, as highkghby Silva & Anderson
(2023, who demonstrated that NEP MHWs are linked to Kuroshio Extension (KE) variability

through atmospheric teleconnectioddso, recent research has primarily focused on surface
MHWSs, while subsurfaceMHWSs are increasinty being recognized for theisignificant
ecological and climatieffects (Guo et al., 2024McAdam et al., 2023Sun et al., 2023

Despite this emergq interest, there are still comparatively fewsudiesfocusing on the
physical driverof subsurfacdHWs. Importantly, sibsurface MHWs can be more intense and

long-lasting than surface ondBragkopoulou et al., 2023The secondary objective of this

study is to examine whethéne drivers of MHWSs are uniformly consistent across the NP.
Specifically, this study aims to determine whether the mechanisms undddyigdpsting
subsurfacéHWs in the NWP differ from thosm the NEP Meanwhile, certain residual terms
in the NWP remain difficult to explain througlonventionaheat budget analys{§ong et al.,
2024). This studywill alsoexplorewhetherusingan adjoint method can provide alternative

insights into these unresolved phenomena.
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In addition to the study region analyzed $gng et al. 2024, the year 2022 witnessed
numerous significant MHWEh et al., 2023Zhao et al., 2023within the context of elevated

warming. According to the annual report from thNational Centers for Environmental
Information NCEI, 2022), 2022 exhibited the highest ocean heat content levels in both the
Southern Pacific Ocean and the NP Ocean since @%&ng et al., 2093 As mean warming

contributes to trends in MHWs across approximately-tiwals of thewor | da@ass (Oliver,

2019 Xu et al., 202» this study will also include a preliminary discussiamd outlookof

potential connections between NP MHWSs agldvated warm conditions in the NIFor
instance there are notable changes in the dominant modes of sea surface temperature (SST)
variability (Werb & Rudnick, 2028 It is essential to note that whiMHWSs are influenced by

global warming, they also contributedtimate change in turn.

1.2 Thesis objectives

In this study, by usingnadjoint ocean modethe followingtwo research questiongill be
investigated

a.What is the main atmospheric driver for the NEP MHWSs? Are the results comparable to

those obtainethrough heat budget analysis or other methods?

b. Are MHW mechanisms in the NWP different from those in the NEP? Can the results
explain the unresolved residual terms in theviones study?

1.3 Outline of the thesis

This dissertation is structured as followsollowing this brief introduction (Chapter },
Chapter Zorovides the background information relevant to the study fi€ldapter Jlescribs
the data sources and methods utilized, includingntioelel setupadjoint methodand its
validation contribution analysjsand perturbation experimentShapter4 presents the main
resultsin two sections: the first, on NEP MHi\has been accepted by the Journal of Climate
for publication, and the second, on NWP MHWSs, has been prepared for subni$spiers
concludes thelissertation, including further discussions of the resultsdaedtions for future

research
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Sea Surface Temperature Anomaly (SSTA)

May 2015

degrees Celsius

0.0

Fig. 1. An image shows the monthly average sea surface temperature for MayTh@15
image is taken from NASA Physical Oceanography Distributed Active Archive Center
(Gentemann et al2017).
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2 Background

2.1 Definition of MHWSs

When discussing MHWgqa term first introduced byPearce et al., 20)1it refers

specifically to anomalously high temperatures in the ocBafining heatwave events with
precision across various locations and time scales has been challenging until the introduction of
percentilebased indicegPerkins & Alexander, 2013Alexanderet al., 2005 Subsequent

studies have provided more accurate delineations by utilizing particular research occurrences
as the basis for their definitiofRusso et al., 201 %tefanon et al., 2@). Hobday et al. 2014
2018 furtherdefineMHWSs as deviations froraxpected temperatures for distinct locations and

persist for a certain duration, a definition that has gained breedgnition within the
community(Fig. 2.1. MHWSs can be further categorized into four distinct clasge®rding to

how much temperatures excdedal climatologcal averages

Observed

Category IV

Extreme

Cat 1]
ategory Severe

Category Il
el Strong

Moderate

goth
Percentile

Time

v

Fig. 2.1 Categorization schematic for MHW3he imageis taken fromHobday et al.
(2018.
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The most notable MHW is referred to as Blabname given bfgond et al. 2019. It was

first observedn October 2013Peterson et al., 20)and continued to spread throughout 2014
and 2015 Fig. 1). This event was characterized by anomalously warm water that dominated
much of the NEP regionoff the North America coast In 2019, Blob 2.0 occurred in the same
region of the NEP primarily driven by a muiftionth reduction in the strengtbf the North
Pacific Subtropical High (NPSHAmaya et al., 2020 The term Southern Blob is also

employedto refer to the warming of theupper oceann the subtropical southwest Pacific
(Garreaud et al., 2021

Several studies have investigated the driving mechanism bedgadonal monthly
(Capotondi et al., 202Zhen et al., 2021Shi et al., 2024 Silva & Anderson, 2023Xu et al.,
2022 or daily (Kajtar et al., 2022Li et al., 2020 Oliver, 2019 Zschenderlein et al., 2019

MHWs according to their definitions by using eithemhéudget analysis or composite and

statistical analysi=ew studies investigate NEP MHWSs over extended time scales, particularly
regarding the anomalously warm SST observed in 2014, which persisted for more than 2 years

(Schmeisser et al., 2009MHWSs on longtime scales should not be overlooked, as they can

last for multiple yearandhave a lasting impact on marine ecosystems

For longterm MHWSs,the definitionis established by NOAA Physical Sciences Laboratory
(Jacox et al., 202®022, which states that MHW occaiwhen SST anomaliesSSTa with

respect to the 19912020 monthly climatologygxceed a specific threshold feverymonth of

the year. These thresholds ateterminedas the 90th percentile of S&Within a 3month
period (for example, for January MHWSs, the 90th percentile of all December to February
SSTa). The threshold may be adjusted to the 95th or 99th percatgpending on the severity

of the extreme event being analyzed.

Sun et al(2023 demonstrate a significant increase in subsurface MHWs associated with
subsurface meastate warming over the past three decades. They emphasize the necessity for
further research on subsurface MHWSs. According to the percé@ided definition, the
occurence of subsurface marine heatwaves can be determined using a threshold derived from

sea subsurface temperature anomas$&STa

However, the definitions of MHWSs are still being debatg&hpotondi et al., 2034

particulaly regarding the selection of a baseline for establishing climatology and the treatment
of climate signalsSmith et al.(2025 examine different baseline choices involving a fixed
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baseline, a shifting baseline, a detrendeseline and an adapticadjusted baselinand
indicate markedly varietrends inthe characteristicof MHW in a warmingclimatein terms

of different baselinesin this study, the warming trend is not removed, as the detddted
inherently include this warming trend. The effect of global warming AR is not considered
separatelyThe decision to use a fixed or moving baseline, or whether to apply detrending,
should be tailored to the specific research quegtdiver etal., 202). For instance, many

speciesare at risk fromboth shorterm temperature extremes gmeblongedwarming trends.

Adapting to gradual temperature changes may take several gene(&tmoitis et al., 2023

Therefore, detrending could underestimate the ecological pressures on these species by
separating episodic extremes from the ongoing climate changes they must deal with over time.

2.2 Determinants of Temperature

The ocean occupies approximateBveny percentof the Earth'sareaand is continuously
dynamic. Consequently, aisea interactions play a crucial role in variations in oceanic
conditions. The temperatuvathin the surface mixed layénormally the top 200 mwhich is
directly influenced by atmospheriomditions, is often assumed to be mixed and homogeneous
to a certain degree. This layer is affected by various fadtogs Z2), including surface winds,
waves, and currents that mix the upper water and facilitate the distnitmititeat throughout
the layer. The ocean absorbs incoming solar energy and subsequently transfers heat and
moisture to the atmosphere, thereby fueling atmospheric circulation. Once in motion, the
atmosphere further influences ocean circulation througlestbkange of momentum at the-air
sea interice which generates waves and currefitse NP is influenced by several key ocean
currents, including the warm Kuroshio Current, cold Califqrarad Oyashio Currents, as well
as the NP and Alaskan Currents, which together shape its climate, marine ecosystems, and

weather patterns.

This research is based on physical oceanography and biological effects (lower Fght in
2.2) are not taken into account. Therefore, AF can be utilized as an external input to an ocean
model, allowing us to observe how temperature respons®ls thhange. AF can be simplified
as the sum of heat flux components, includiogvnwardshortwave radi@on (SW),downward
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longwave radiation (LW), sensible heat flux, and latent heat flux, along with-inshuted

processes (e.g. advection, diffusion, convection), all incorporated within the numerical model.

Reduced cloud cover

Favourable synoptic systems VAN
(e.g. high-pressure system) L7

Reduced latent

and sensible ocean
heat loss —

Remote atmospheric Anthropogenic warming
teleconnections

(e.g. Rossby waves,

Walker circulation)

tt::::::;::

Climate drivers
e.g. ENSO, MJO,
NAQ, IPO, monsoon

— Remote oceanic
— ‘
( ( Suppressed winds teleconnections
. (e.g. Rossby and
8? Kelvin waves)
Ocean heat content

reconditionin
Enhanced insolation 2 d

Harmful Seagrass habitat
algalblooms  Coral bleaching  loss

Species-range shifts
agd trupicallgzation ﬁ) &
. i Shellfish
Suppressed Reduced aquaculture
vertical upward closures
mixing Ekmar]

pumping

Enhanced warm-water advection
(surface Ekman transport)

;' Megafauna and
rd mortalities

Shallow mixed
layer

Reduced
coastal
upwelling

Enhanced

warm-water primary
advection production
(large-scale

circulation)

Fig. 2.2. A schematic illustration of various drivers and impacts of MHW&e imageis
taken fromHolbrook et al(2020.

These processes can be calculated through réxed heat budget analysigig. 23,

Moisan & Niiler, 1998 Oliver et al., 202). The temporal variatiorof the vertically averaged

potential temperature within the mixed layer, referred to as temperature tendency, results from
a combination of several physical processes. These includgeaiexchanges, advection by
both mean currents and eddies, as well as hdaaz@md vertical mixing. Additionally, the
mixing of deeper water into the mixed layd#rrough entrainmenplays a less important role
which is often considered as part of the redideian Horizontal advection can influence local
temperature changes kmamsporting horizontal flows that occur across a temperature gradient
and mixing is commonly associated with diffusive flikie net aiwsea heat fluxes are the sum

of the radiative heat flux (net downward SW + net upward LW) and turbulent heat flux
(sensble heat flux + latent heat flux).
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— Horizontal advection  Horizontal mixing '
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() b v+ w,

Lateral induction ~ Vertical advection

Entrainment

+ Qsw — Qswi—n) + Qrw + Qsens + Qla
pcph

?

Air—sea heat flux

Fig. 2.3. Mixed-layer heat budget analysis equatidhe mageis taken fromOliver et al.
(2021).

2.3 Progress in MW Research

The primary focus of MHW research encompasses both swafateubsurface MHW4LI
& Hu, 2024, with attention given to their effects, underlying drivers, teleconnections, and

potential predictive possibilitNumerical ocean models and statistical models are commonly
employed tools fothe study of MHW. The mixedlayer heat budget analysis is the most
widely used method to describe the processes that contribute to MHW formation, eyolution
and decay(QOliver et al., 202} Additionally, SOMs are also commonly utilized as they

effectively cluster between atmospheric patterns érgemperatuneand oceanic patterns (e.qg.
MHW), which are distinct yet interconnectéschlegel et al., 20)7WAF can beused to trace

the novement of energy and interact with ocean currents to change heat distr{bi#tienal.,
2022 Shi et al., 2024). Few MHW studies have employed the adjoint method for analysis,

which is arobust tool for tracing sensitivity within complex systems.
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a. The impact of MHWs

MHWSs have attracted lots of attention owing to their huge impact®aiety,the economy,
ecosystemsand their overall functioningince the extreme eveimt Western Australia in 2011
(Smale et al., 203Welch et al., 2023Wernberg, 2021Wernberg et al., 20)6Holbrook et al.
(2020 offer a detailed overviewof the impactsof MHWs on oceanic and coastal ecosystems

(Fig. 22). Notable effects include coral bleaching, reduced primary production, habitat
destruction, and lossf diodiversity, among othersThe most substantialprolonged and
intense MHW events werund to align with reduced chlorophyh concentrations at both
low and midlatitudes(Sen Gupta et al., 20pBeyond thatthe intensity of extreme weather

events, including tropical storm@&hoi et al., 2024 Radfar et al., 2024 is rising as a

consequence of MHW3SVIHWSs are also linked to severe drougliiodrigues et al., 20)9

extreme sea levelndcoastal floodingZhou & Wang, 2024 In addition to their impacts on

ecosystems, fisherieand climate, MHWs also affect human hed@lampbell et al., 20)&nd
infrastructurgHartoq et al., 2023Smith et al., 2021

b. The drivers of MHWs

The mechanisms driving MHWSs are highly dependentimescale, geographical location

and background stat&if). 24, Holbrook et al., 2019 MHWSs with a smaller spatial extent

occur moreoftenthanthose coverindarge area (Scannell et al., 20)6For instance, regional

upper ocean heat contaftange®ver short timescales are primarily influenced by local ocean

circulationinstead ofsurface heat fluXKerry et al, 20229. Oliver (2019 suggests changes in

mean SST rather than changes in variance are the dominant drivers influencing the duration of
MHW across 2/3 of the ocean and the intensity of MHW across 1/3 of the ocean. However,
NEP is not present in these regions. It has been established that an increase in the variance of
SSTa in NEP may be contributing to the rising frequency of extreme gvants al., 202}
Additionally, the study by Li et a{2023 reinforces the idea that the NWP MHW in July 2021

was governed by the warming mean state. Consequently, MHWSs are projected to become more

frequent, intenseand prolonged in duratiofAthanase etl., 2024 Frélicher & Laufkdtter,
20138.
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The vast majority of MHWSs in the NP are governed by an anomalous atmospheric pressure
system(Sen Gupta et al., 2090.e. NPSH. For example, NEP MHWAmaya et al., 2020
Bond et al., 201.5Chen et al., 2023Niu et al., 2028 NWP MHWs(Du et al., 2022Pak et al.,
2022 Song et al., 2028 Yao et al., 2023Yao & Wang, 202). Wind speed is influenced by
the strength of the pressure djent; a stronger pressure gradient results in higher wind speeds.

The persistent NPSH is consistently associated with anomalously weak wind spéecsd

solar insolation, andecreased oceanic heat loss

The highpressure acting on tleeasurfacerestrictsthe escape of water molecules into the
atmosphere as vapor, thereby reducing the efficiency of evaporative cooling processes and
decreasing the asea turbulent heat flux. Increased solar insolation will lead to reduced cloud
cover and higher mitemperatures. Weak wind speeds will result in reduced horizontal
advection and vertical mixing in the updayer of the ocegnwhich consequentlyeads to a
shallower mixed layer andnhancedsurface stratification. A reduction in wind speed may
result in negative wind stress curls, which are a driving force for ocean currents. These
negative wind stress curls induce Ekman pumping, or downwelling, causing surface water to
be pushed downward. This process allows warmer water to enter from the sides} leal
convergence and deepening of the warm surface layer. Increasing wind speed can sometimes
also cause negative wind stress curls, depending on how the wind varies across different areas.
If the wind speed rises more quickly in one area than in anothereates a gradient in wind

stress, which can lead to a negative curl.

Both anomalously high and low wind speeds gday a role in the developmeot MHWSs.
The 2017/18 Tasman MHW was initiated by warm water advection and persisted due to the
anomalos airsea heat flux and a shallower mixed lay&@jtar et al., 202 Another

explanation for the 2020 NEP MHW is that it wasainly drivenby abnormalsoutherly wing
that transported increased humidibythe NEP regionThis influx of humid air reduced the

ocean surface latent heat rele&Se et al., 2023

Additionally, several other factors also contribute to MHW dynamics. Bian €2@23
employ a historical simulation from a global ed@golving climate model to illustrate that
heat flux convergence associated with oceanic mesoscale eddies is a key driver of MHW life
cycles across the majority of the global ocean, especially for thetlgrawd decay period.
MHWSs in the Barents Sea are significantly influenced by -88Tfeedback, which is
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predominantly driven by warm surface air and decreasing se@iceamed et al., 2032

When ice melts in the Arctic Oceait reduces the thickness of the upper ocean layer, resulting
in a higher concentration of atmospheric heat within this layer. Consequently, this process

contributes to the extension and intensification of MHW in the Arctic O¢Rahaud et al.,

2024). Recent years have seen that MHWs in the NP can also ked lit® increasing
atmospheric concentrations of greenhouse g&eghordarian et al., 2022In addition to the

weakened NPSHhe preceding anomalowginter SST can persist into the subsequsming
or summer (also known as the ocean memory of winter warming) due to anomalous heat

content present in the mixed layer of the oogamet al., 2022Liu et al., 2023.

Recent studies have highlighted the significance of subsurface Mi@¥fstondi et al.,

2024). A shallow MHW may be restricted within thmixed layer,which can be causebly
increased surfaceheat fluxes, oceam transportation or reduced mixingnduced by winds
Alternatively, they cameach a relatively deep layer benetité mixed layer. MHWs may also
be reintroduced intca thickening mixed layer, leading t@ delay insurface varming. This

phenomenon is referred & reemergence.

Long-term
1 00 yr | climate change
Decadal modes
(e.g. IPO, AMO)
10 yr - Large-scale & regional
climate modes ——
__\‘\_K >
{ Interannual modes
@ ’)_,-——=7',\.\____H (e.g. ENSO, IOD)
8 Year 7 Mari - —— Ocean/atmosphere
w0 arne - Atmospheric blocking o — :
) healwa;fﬁs Jot stream/";;—\\ B Rossby waves
E / Fronts ¢ { sgrﬁxl_r_np_des
= " - (e.q. MEL/ |
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— heat fluxes
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Fig. 2.4. A schamatic illustration of MHW drivers and their relevant space and time scales.
The mageis taken fromHolbrook et al(2019.
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c. The teleconnection diHWs

The key driving processed MHW arethe sameasthose driving the temperature changes,

which are summarized ifig. 22 (Holbrook et al., 2020 Theenhancemerr suppression of

these physicammechanismswhether independently or collectively, can promote or inhibit the
development of MHWSs. This is influenced by localssa interactions, feedback mechanisms,

and largescale climate variability acting both Idga and remotely. Essentially,
teleconnections describe how atmospheric and oceanic phenomena can influence weather

patterns across large distances.

The intensity of MHWs can be influenced by local forcing factwtsgreagheir duration is
affected by thetiming of climate modes, as demonstrated by Capotondi e{2aR2.
Additionally, Holbrook et al.(2019 2020 summarizedthat the frequency, intensity, and

duration of MHWs can benfluencedby climatepatternsand teleconnectiondig. 24). For

example, the intrgeasonal mode Maddelulian Oscillation €.9. Liu et al., 202, the
interannual mode ENS(CBen Gupta et al., 2028u et al., 2022and Indian Ocean Dipole Q.

Li et al., 202%; the decadal mode® (Ren et al., 2023and North Pacific Gyre Oscillation
(NPGO; e.gJoh & Di Lorenzo, 201)7 Furthermore, the persistence of the NEP MHW can be

linked to the development of a legressure structure occurring one year after wintertime

variations in the Kk (Silva & Anderson, 2023 The extratropic is highly linked to the tropics

through atmospheric teleconnecti@i Lorenzo et al., 2023

Many studies address that the westwamopagatingWesternPacific Subtropical High
influenced by ENSO playa significantrole in the development and persistence of the NWP
MHWSs (e.g. in the South China Séa, et al., 2022 Tan et al., 2022in the East China Sehi,
et al., 2023 Although, as previouslgtaked, Oliver(2019 suggests that NEP is not directly

influenced by mean warming, it is noted that the-fosguency NP Victoria mae, which is
enhanced by the warming state, shows a strong correlation with NEP NHfsal., 202}

Moreover Arctic warming plays a significant role in increasing NEP MHW days. Strong
Arctic warming has changed the atmospheric circulation patterns over the NEP and decreased
the lowlevel cloud cover from late spring to early summer, leading to more MHW days
(Coumou et al., 2018&ong et al., 202§. Although the mean warming is not a teleconnection,

it has modified the teleconnection patterns.
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WAF is also a widely used method to track the propagation of wave energy within the
atmosphere and ocedHa et al., 202p Shi et al.(2024%) employed WAF to illustrate that

planetary wave tras) triggered by heightened rainfall and latent heat release over the
Mediterranean Sea, along with decrebsainfall over the North Atlantic, can effectively
transport wave energy to the NEP. Noh e{2023 introducedthe Pacifid Japan atmospheric
teleconnection pattern to explain the anomalous anticyclonic circulation and the corresponding
northwestward extension of the NPSH over the NWP. Zhao &(2023 emphasize the
significance 6 crossbasinconnectiondetween the NP and North Atlantic in influencing the
dynamics of NP MHWSs, as inferred from WAF.

d. The predictive skill of MHWSs

The ocean undergoes changes over months, years, and even decades, while the atmosphere
changes muchore quickly, within minutes, hours, or dagonsequently, # predictability of
MHWSs depends on the relative strength of atmospheric and oceanic contrilfbitidm®ok et
al., 2020:

( Sfrongatmospheric ana@ceaniccontributions: MHWSs can b#recastedseveral months

in advancéy local and remote climate forcing;

( ) Weakatmospheric anaceaniccontributions: Predictability is limited to several days,

often influenced by transient weather patterns or oceanic eddies;

( ) Strong atmospheric andweak oceanic contributions: MHWSs typically have a
predictability lead time of one to two weeks or can be seasonal, due to atmospheric

preconditioning or teleconnections;

( ) Weak atmospheric andstrong oceanic contributions: Prdictability can range from

months to years, facilitated by oceanic preconditioning or teleconnections.

MHWSs are significantly influenced by atmospheric conditions that can be predicted, thus
offering the potential for forecasting MHW events. To achieveiahble forecast, it is essential
to understand the relevant physical drivers and the interactions of processes ovegti2s, (

Holbrook et al., 2019 MHWSs then can be predicted througarious methodsin terms of

timescales and type&or example, ne approach involves modeling oceanic or atmospheric
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dynamics to forecast atmospheric blocking patterns or ocean eddies. Another method utilizes
simulations of coupled oceaimosphere dynanscto predict climate modes (e.g. ENSO).
Additionally, predictions can be made by analyzing wave pathways resulting frorrdvivec

ocean perturbations.

The coupled NUISICFS1.0 (atmospheric component: the European Centre Hamburg
Atmospheric Model versiod, Roeckner et al., 199@®ceanic component: Ocean Parallélisé

version 8.2Madec et al., 199&hindcasts caprovide a forecast of bothe spatial distribution

and temporathangeof total MHW days with a lead time afs much agight months. Using
SOMs, Zhao et al2022 concluded thaSea Surface Height anomali€sSHg can serve as a
predictive variable within a statistical modeling framewd@®@kpotondi et al(2022 and Li et al.
(2020 also confirm thaSSHacontributes significantly to the majority of MHWlevelopment

in their target regionsFurthermore, the application of a mesoscale ddatking methd
enables the prediction of individual daily MHWSs in eastern Tasmania with an accuracy
extending up to 7 days. While using North American Multimodel Ensemble models for
predicting monthly NEP MHW in 2020, the predictive skill is limited to one m@Gth et al.,
2023. The NOAA Physical Sciences Laboratory offers an experimentaitinel global
forecast of MHW on a monthly basis, with predictive capabilities extending up to 11.5 months
in advance for research purpog$éscox et al., 2032
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3 Dataand methodology
3.1 DataSource
This study utilizes multiple monthl$ST dataets(HadiSST v1.1,Rayner et al., 2003

OISST v2.1,Huang et al., 20210RAS5, Zuo et al., 2019MODIS-SST, NASA Goddard
Space Flight Center, 202£N4.2.2,Good et al., 2013details are inTabe. 1) to represent

various regions and to analyze MHWs of differing intensitMgiWs in the NWP exhibit
higher intensity, necessitating the use of SST products with higher spatial resolution. In
addition, as lghlighted by Zhang et a(2024), there is a large spread in MHW assessments
across various SSproducts in Asia and the Indeacific region.Therefore, it is importarto

employ multiple datasets to comprehensively evaluate extreme events.

Both HadiSSTand EN4 datasets are froiine UK Met Office Hadley Centre. HadiSST
combines historical shipasedobservations and buoys, sateHiterived SST measurements
and sea ice concentration daéEiN4 offersa threedimensional perspective of ocean conditions
by assimilating data from various sources, including Argo floats, conduetentperature
depthinstruments and other sensors, which can profile the water colu@DIS-derived
SST isa widely used satellite dataset for monitoring global ocean temperatures with high
spatial and temporal resolutio®ISST has a higher resolution than HadiSST ibudoarser
than MODIS, which combines satellite observationssiin measurementand ice dataThe
ORASS is acuttingedgeocean reanalysidatasetincluding observational data assimilation

(satellite SST, sea level anomadyd insitu profiles).

AF datasetsare derived from the NCERCAR Reanalysis 1 (NCERAL,; Kalnay et al.,
1996 Kistler et al., 2001 from 1948 to 2022 and ERAS hourly averaged dHirsbach edl.,
2020 from 2008 to 2022 (details apeovidedin Tabe. 2). All AF datasets were averaged to a

monthly resolutionaligning with the timescalef sensitivities derived from the adjoint model.

This enables the directalculation of contributions from each forcing and generates
perturbations in subsequent experiments based on sensitivity solutions that are consistent with
the timescales of the original forcing field®oth datasets are utilized to drive the model and
evaluate its performance. The results presented in this study are based on model runs forced

with the ERAS reanalysis. Notably, very similar results were obtained using the NCEP
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reanalysis, indicating that the findings are robust and not dependent on ¢tifee $pecing
fields employedERAS5 outperforms NCEP in some cases, likely due to its use of advanced
assimilation method@ourdimensional variational assimilatignyhile NCEP employs older

methodologie¢3D-Optimum Interpolation)

Dataset Resolution Access

https://www.metoffice.gov.uk/hado

HadiSST v1.1 1°x 1° at sea surface .
s/hadisst/
https://www.ncei.noaa.gov/product
OISST v2.1 0.25 x 0.25 at sea surface ] ] _
optimuminterpolationsst
_ https://www.ecmwf.int/en/forecasts
ORAS5 0.25° x 0.25ith 75 levels _
dataset/oceareanalysissystem5
https://www.cen.uni
MODIS-SST 4.6km x 4.6km at sea surface hamburg.de/en/icdc/data/ocean/ss
modis.html
_ https://www.metoffice.gov.uk/hado
EN4.2.2 1° x 1° with 42 levels

s/en4/download.html

Table 1. Monthly SSBnd SSSTatasetsised for MHW detection and model evaluation

Dataset Horizontal Resolution Time Resolution Access

https://psl.noaa.gov/data/gridded/d

NCERRA1 1.875 x 1.875 6-hour _
a.ncep.reanalysis.html

https://www.ecmwf.int/en/forecasts

ERA5 0.25 x0.25 6-hour _
dataset/ecmwfeanalysisvb

Table 2. AF datasetssed to drive the ocean model amtonstruct ocean temperature
anomalies based dhe adjointsensitivities.
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https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.ncei.noaa.gov/products/optimum-interpolation-sst
https://www.ncei.noaa.gov/products/optimum-interpolation-sst
https://www.ecmwf.int/en/forecasts/dataset/ocean-reanalysis-system-5
https://www.ecmwf.int/en/forecasts/dataset/ocean-reanalysis-system-5
https://www.cen.uni-hamburg.de/en/icdc/data/ocean/sst-modis.html
https://www.cen.uni-hamburg.de/en/icdc/data/ocean/sst-modis.html
https://www.cen.uni-hamburg.de/en/icdc/data/ocean/sst-modis.html
https://www.metoffice.gov.uk/hadobs/en4/download.html
https://www.metoffice.gov.uk/hadobs/en4/download.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5

3.2MITgcm

a. Model configuration

In this study, thdestimating the Circulation and Climate of the Ocean (ECCO) technology
(see online athttps://www.eccegroup.org), consisting of the Massachusetts Institute of

Technology General Circulation Model (MITgecm) and its adjoint maglapplied to study the
sensitivity of anomalous high temperature to &fé ocean stateshe MITgcm is a advanced
finite volume modethat simulates general ocean circulation and includes a model faresea
dynamics The model setupemploysthe Bulk Formula Package toomputethe heat and
freshwater flux instead aftilizing heat and freshwater data to force the mobDelails about

the model are described by Marshall et(2B97a b) as wellas Adcroft et al.(2004; more

information can be found online attps://mitgcm.readthedocs.id’he MITgcm was created to
enable the automatic generation of tangent linear and adjoint code by using automatic
differentiation of itssource codehroughthe Transformation of Algorithms in FortrafTAF;

Giering & Kaminski, 1998Heimbach et al., 2005

All model runs were performed over a qugkibal domain between 80°S and 80°N and
with a realistic bottom topography based on the Earth Topograjaing:rain grid (ETOPO5)
dataset(National Geophysical Data Center, 1998he @ean resolution in meridional and

zonal directions is uniformly 2°. In the vertical, the resolution consists dé\&ds that are
unevenly spacedwith depth rangindrom the neasurface § m) down to several hundred
meters in the deep ocean (the toplapers are located within thgper100 m of the ocean).

The model setup incorporates components for sea ice dynamics by employing Ice and Sea Ice
Packages(Heimbach et al., 2010Hibler, 1980 Losch et al., 2010 Vertical mixing is

represented by the-Rrofile Parameterization scheme (KRRrge et al., 1994 andthe Gerit

McWilliams (GM) eddy parameterization scheifi@ent & Mcwilliams, 199) was employed

in the forward modelDue to stability reason# had to be excluded from the adjoint code of
the mixed layer parameterizatioihe values of key model parameters are summarized in
Tabe. 3.
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Parameter Symbol Value
Vertical Laplacianviscosity 0 10° m?s?t
HorizontalLaplacianviscosity 0 5 10 m’s?
Vertical diffusivity { 10° m?s?t
Horizontal diffusivity { 107 mést
Momentum time step Yo i 3600s

Table3. Modelparameters.

Instead of forcing the model with heat and freshwater flux, an atmospheric bolmgary
scheme is employed. This approach enables the calculation of flux terms using AF based on
bulk formulas(Bryan et al., 196; Hunke & Lipscomb, 2010

b "667Y o o, (3.1a)
0 "06°Y R n, (3.1b)
0 o . (3.1¢)

0 is sensible heat flyx) is latent heat fliandd is up longwave radiatiofio ¥& ], ” is

the density of airQ T ],"Y is 10m wind speed [m/s]) is thespecific heat capacity of air
[J/kg/K], 6 andd are sensible/latent heat transfer coefficiebts,is the latent heat of
evaporatia [J/kg], 0 is air temperature measured from space @nd air temperature
measured from ship§, is specific humidity of air at the sea surface gnis 10 m specific
humidity oftheair. ( is the StefanBoltzmann constant, andis the emissivityEmissivity is a

value ranging from zero to one that shows how much less radiation is emitted compared to a

perfect blackbody.

Forwardsimulatiors wereinitiated from Januarymeanmonthly climatological temperature
and salinity fields aailable from Levitus and Boyef1994). The initial phase of the
simulations spanned a-§@ar period from 1948 to 2@0orced byAF (Table. 3, establishing
a baseline for subsequent simulation. Tiedel supports restarts from specific points via the
use of pickup files. Following the baseline periock titean modelvas forcedby realistic
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monthly meanAF including zonal (U) and meridional wind velocit{VV), precipitation(PRE)
air temperatur€T2M), specific humidity(SH), and radiationterms(SW and LW) diagnosed
from two reanalysis datase{gig. 31). During this phaseéhe modelwasrestarted from 2008
and extended to 2022 by using tmrespondingpickup file from 2008

15-year MEAN ERAS T2M 15-year MEAN NCEP1 T2M

15-year MEAN NCEP1 SH

0.014
0.012—=
en
0.010 24
0.008 £
0.006 "
0.004 "
0.002 °
0.000

15-year MEAN NCEP1 PRE .

OOOOO
[=15F e eadm) i F e o)
Unit: [m/s]

Unit: [m/s]

—
5]

PR
Unit: [m/s]

Fig. 3.1. The15year mearffrom 2008 to 2022¢xternal forcing fields (from top to bottom:
T2M; SH; PRE; UV; LW; SW) based on two datasets. LERAS; right: NCERRAL
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b. Model evaluation

During a 15year period, the meaBST state ofthe two datasets exhibits significant
agreement, even though the datasets differ in spatial reso(&i@n32). The model shows
overall strong performance, effectively capturing both the warmest center and the decreasing
trend along latitude. However, in thequatorial western Pacific,the model exhibited
overestimation, particularly in the simulations forced by IREEAL. This may be related to
the excessive T2M as shown kig. 31. The mean potential temperature changes with depth
further supports this observati¢ifig. 33). Potential temperature in the deepeean correlates
well with ORASS reanalysis data; however, SST is overestimated, especially for scenario

forced by NCEFRAL. Fortunately, this equatorial region is not the primary focus of this study.

(a) HadiSST Mean (2008-2022)

(b) OISST Mean (2008-2022)

Unit: [°C]

Fig. 3.2. The 15year mean SST from 2008 to 2022 ded from various dataset&)
HadiSST; (b) OISST; (c) ERAS forced model outputs; (d) NEZRL forced model outputs.
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Fig. 3.3. The global mean potential temperature changes with depth based on three datasets
(Red: ORASS5; Navy: NCERAL1 forced modelQrange: ERAS forced model).

Taking 2022 and 2014 as examples, these two years are significant MHW yedinssthat
studyfocuses on, with the corresponding SSTa displayed irs.Bgl & 3.5. The intensity of
the SSTa in 2014 is relatively modest, and the results are consistent across various resolutions
and forcing scenarios. In contrast, the intensity of SSTa in 2022 is notably higher, and low
resolution products demonstrate inadequateopmidnce. Additionally, both forced models are
limited in their capacity to simulate extreme events. In comparison, in the NWP region, models
driven by ERAS data outperform those driven by NEHE&L data. While in the NEP region,

the performance is reversed.
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(a) HadiSST Anomaly in 2022
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Fig. 3.4. Annual mearSSTafor 2022 cdculated relative to the 1gear mear(20082022
andderived from various dataset&) HadiSST; (b) OISST; (c) ERA5 forced model outputs;
(d) NCERRAL forced model outputs.

T Anomaly in 2
P o X,
70°N St
45°N 1oy
20°N
SOS 3
30°8 1
55°8

80°S |

559N
30°N

5°N 4
20°S
45°8
70°S 1

0°E

-1.8 -1.2 —0.6 0.0 016 1.2 1.8 24
Unit: [°C]

Fig. 3.5. As Fig. 34, but for 2014.
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3.3 Adjoint Method

The Adjoint method is widely ugkin meteorologyDemirdjian et al., 2020Doyle et al.,

2014 Reynolds et al., 2031Wilson et al., 201Band dynamicabceanography due to its direct

and efficient estimation of sensitivity of model output with respect to ifipuico, 1997 Kohl
et al., 2007 Kohl & Stammer, 2004Stammer et al., 20)8The core principle of the adjoint

method is to calculate the gradient of the objective funcGamparedd the mixedayer heat
budgetanalysis adjoint sensitivity analysis has a clear advantage in that it can illustrate the
pathways of sensitivitgoncerningthe cost function. In contrast, the mixkeger heat budget
analysis is limited to the target regi@nd primarily highlights the localactors driving
potential temperaturehangesHolbrook et al.(2020 suggested the use of the adjoint method

to explain the fundamental dynamics underlying baajectory teleconnections.

Previous sensitivity studies have employed objective functions such as heat transport

(Marotzke et al.1999, freshwater fluxHeimbach & Losch, 201)2stream functior{Bugnion

et al., 200%, surface vorticity(the curl ofhorizontalvelocity, e.g.Zhan et al., 2013 volume
transport(Czeschel et al., 20120sch & Heimbach, 200 Mazloff, 2012 Wang et al., 2022
Zhang et al., 2002 heat conten{Jones et al., 20)%nd SSH or SSTFrederikse et al., 2022
Gopalakrishnan et al., 20186hl & Vlasenko, 2019Verdy et al., 2014Yang et al., 2023
Zhang et al., 2001to quantify the importance of model inpyesg. bottom topo@phy; initial

conditions; boundary conditions; Alend to estimate the ocean stéf@ammer et al., 2002

Wang et al., 2029. It is also commonly used to quantify the contributions from local and

remote forcing(Boland et al., 2021Jones et al., 2018/eneziani et al., 20Q9Vang et al.,

202%). In addition,an adjoint tracer can be used to identify the sources and the pathways of
the water mas@-ukumori et al., 2004

This approaclis primarily utilizedto conduct sensitivitgnalysis in this studyA schematic
representation of the modatljoint method for estimating sensitivities is presenteidgn 36
(Hill et al., 2004.
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Fig. 36. A schamatic representation of the modmljoint method for estimating
sensitivities.The imageis taken fronHill et al. (2004). The cost functiod is a function of the
state of the forward modél whichis depenénton the input peametersa andb. Theadjoint

model L* runs backwardfrom changesin the cost functioh J to numericallyevaluate its

sensitivitiesto the input parameters— and—). a* andb* represent the outputs of the adjoint
model.

Consider a traditional nonlinear ocean modethe model equations can be simplistically
represented g¥Vang et al., 2023:

w 0o by Ty (3.2)

where0 represents the nonlinear forward operator applied to the state weatdhe initial

time (t 0). For a small perturbatign at the initial time, its evolution at the final tinfe T)
in a nonlinear system can be expressed as:

1 0w 0w 0% (3.3)
where0* represents the linearized dynamical operaBven a functionQw that is infinitely
differentiable at a poirg, the Taylor series is defined as:

s (3.4)

Qw Qlool—Aool—Aool A
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ThenEg. 3.3can be treated asfirstorder Taylor series expansion, which acts as a linear
approximation of the system. The coefficients of this linear matlelre derived from the
slopes of the tangents to the trajectories of the state variables within the forwardLmodel

Consequently, this approach is often referred to as a tangent linear model.

The cost functiod is computed as a function of the state & thrward modeL, which is
contingent upomot only the initial stateectorew but alsothe input parametesandb. These
parameters may represdrgttom topographyinitial conditions boundary conditionsandAF.

The adjoint method operates in a reverse manner on a perturbation of the cost function,
enabling the numerical evaluation of the sensitivities of the cost fun@lsa known ashe
objective function)with respect to the input parameteitien the adjoinmodel yields the

sensitivities, for example:
o MDD — D (35)

at each point ®is the position vectgrin the model at timé. The dynamics of the model are

expressed through the chain rule of partial derivatives.

In this studytheaimis to investigate theensitivity ofanomalougsemperature variation to
different AF, including UV, PRE, T2M, SH, and radiation terms (SW, LW). The cost function
is defined as the volurmmean potential temperature in thedected depth (e.gpper 100m) of
selectedstudy regios in terms of different years, averaged overdain period (e.coneyear

period as annual mean SSST

0 . . —MDQOK (3.6)

whereis the control volumeg(g.the upper 100n of the studyregion) ois the timeandYois
the integration periqd—is the potential temperaturejs the position vectorThe sensitivity
fields are thre@limensionalfor AF, asthey varywith time, longitude and latitude For the
clarity of theresults only sensitivities higher than a certain threshold are consideradoid

noise(Veneziani et al., 2009

In the following sensitivity analysis, various time periods are uBed.clarificatin, the
target year will be dent e dYea s o ® 6 ¢ dhgonedyear before the target year will be
denoteda® Ye-horélyr 6. The Mea 6 wil bemadenotett asr@mi, while the last
month of-1yr will be denoted asl2mon (or lead 12mah).
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3.4 Contribution Analysis

The sensitivity fields associated with different AF exhibit varying units due to the disparate
nature of the forcing involved. Thereforegetltontribution analysis is applied to scale the
contribution of different AF to the total variation 86ST. The linearchange inJ expected
from an actualAF anomaly (e.g. Fig. 37), also known as the contributiofthe scaled
sensitivity) is calculatedJones et al., 20]1¥erdy et al. 2014 Wang et al., 2029):

W Gfifws ——— @O o d 37

whereT is the adjoint sensitivity of SSST with respect to different AJ &t lead time

Wwdwo6 -1mon,-2 mo n ,-4 8mo n-3yr,éd,yr , ¢é) a b represendstaipainn

on the grid WO afud Ois the corresponding monthly anomaly of forcimt lead timeyw O

and location ¢itd which is calculated relative to the-§@ar (1948008) mean state including

a seasonal cycl@he sign of the contributiodOis determinecby multiplying the sign of the
sensitivity field with the sign of thAF anomaliesBoth positive and negative anomalies can
produce a positive contribution, depending on the characteristics of the sensitivity fields.
Therefore, the contribution pattern can still highlight the regiorthefargest sensitivity with
respect to the cosufiction, as no contributions are expected whensensitivity is zero.
However,the scaled sensitivity fields may not capture the detailed sensitivasekw AF

anomalies may result in reduced contribution fields, even when sensitivity is high.

Building onEq. 3.7 the cumulative temporatontribution for one forcing in a spatial map

can behenexpressed as:

o oo B T@‘odﬁwo (3.8)

The cumulative spatial contribution at each time $bene forcing in a temporal maan

be expressed as:

The total temporal contribution of all grids for all AF can be expressed as:

widw B B T@‘o&ﬁﬂﬁrpo (3.10)
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The total contribution of all grids at all timesteps for each AF can be expressed as:

————— WO et 0 (3.11)

wuQ BB —

At this stage, the contributions from different AF can be compared. Tiertotal
contribution byaggregating the cumulative contribution of all AF at all timesteps and all grids

can be compared to the cost function except for soméimeer processes:

0 BBiB o afuhwo (3.12)
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Fig. 3.7. The 2022 annual anomalies of AF ithe NR calalated relative to the 1fear
mean from 2008022 (from top to bottom: T2M; SH; PRE; U; V; LW; SW) based on two
datasets. Left: ERAS5; right: NCERA1.
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3.5 Perturbation Experiments

The sensitivities derived from the adjoint model provide a linear approximation of
nonlinear equations, which works best $omall changes and short time periods. To ensure this
linear assumption is valid, nonlinear forward perturbation experiments adeated. In these
experiments, results from simulations with slight changes are compared to those from a control
simulation, helping to identify the physical processes affected by those perturbatgmst
sensitivities detect the locations and timingn t he model & s ing to pedific AF
responsgin the system. In contrast, a forward perturbation experiment reveals the areas and
timing of the system'’s response to a defined perturhaipnocess als@ferred to as response

analysis.

Perturbatios were computed based on the standard deviation of the AF, following the
methodologies Eg. 3.13 outlined by Yang et al(2023 and Wang et al(20223). These
perturbations were then incorporated into the corresponding original forcing fields. The model
was subsequently integrated forward in time, and the results were analyzed as anomalies in

relation to the control run.

o afufwo ——2hh A (3.13)

wherei represents different AR andy represent the longitude and the latitude of the model
grid, respectivelyg arepresents the corresponding mori@. is the standard deviation of

annual mean AKFig. 38). To bound the upper magnitude of the perturbation, the adjoint
sensitivities to different AF were first normalized by their maximum absolute values

% and then set it to be proportional to the standard deviation of each field multiplied

by a factor ofl. The choice ofli is a scaling factor that was set to 1.5 for all perturbation
experiments to yielda sufficiently large but not too large response such that neither the

assumptions of the underlying tangent linearized equation is vidlgted) et al., 2028nor

the noise generated by nonlinear parameterizations such as KiBMaddminate the signal.
The perturbationsadded to the forward modekpresent an alternative form of scaled
sensitivity compared to contribution analysisg( 37), achieved by multiplying the standard

deviation rather than utiliag the actual forcing anomaliedowever, the perturbatioredded
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to different AF cannot be directly compared with one another; instead cu@lye compared to

the original forcing.
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Fig. 3.8. The standard deviation of AF between 2008 and 2022 (frortotbpttom: T2M;
SH; PRE; U; V; LW; SW) based on two datasets. Left: ERAS; right: NRER.
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3.6 Adjoint Validation

Perturbation experiments utilizing identical positive and negative perturbations can be

employed to evaluate the validity of the adjoint linearity assumifiones et al., 2018/ erdy

et al., 2014 Zhan et al., 2018 When applying a perturbatianp the response of the cost

function can be approximated by Taylor series expangignd.9 as:

wWo0 U —0'0 -—"0'0 ah (3.14)

where 0 and "O represents reference values from the control run. If a sensitkaty
perturbation is introduced, the response can be denoted asConversely, if a reverse
sensitivitylike perturbation is introduced, the response t& denotedasw) . The linear

response or the first derivative then can be estimated by:

W - W — 00 (3.15)

and the nodinear response or the second derivative can be estimated by:

w - W -— "0 0 (3.16)

Only whenw | w,w can be an adequate approximation of the linear response. If the two
responses are comparable in magnitude, a more detailed examination of th@tdghézrms
should be consideredlhe linearity assumption of the MIEm for bottom topography
sensitivity analysis has been validated, with inaccuracies remaining within 30% over a 100

year timescale and within 5% on an annual s@ialech & Heimbach, 2007

Fig. 3.9andFig. 3.10 presentan example of a perturbation experiment designed for model

validation purposesin this test experimengn specific grid poinsituated at 53°N, 164°E5
focused onfor convenience. The standard deviation of tB&/ at this grid point is
approximately 8@v & (Fig. 38). To investigate the effects of perturbations, a relatively
modestbut sufficientperturbation magnitudes selected The SW is perturbeduniformly by
+10 w fa (the top panel irFig. 39) and-10w f& (the bottom panel irFig. 39) for a
duration ofl monthwithin a 2° x 2°grid box centered at 53°N, 164°Efter the application of
the perturbations, the forward modslexecuted for the period spanning from 2008 to 2009.
The aanual mearSSTin 2009 relative to the 1¥fear mearat this target points selected as
the objective function for the comparison.
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Perturbation fields
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Fig. 39. The positive (top+10w & ) and negativébottom -10w ¥& ) SW perturbation
added to the forwardontrol runfor model validation
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The only difference between the perturbed run and the contrdiesum the application of
a SW perturbation for one montht the selectedrid point. The sensitivity,defined asthe
partial derivative o5SSTwith respecto SW, can beapproximatedy the ratio of the change in
the annualmeanSST at ths point for the year2009to themagnitude othe SW perturbation
applied.For example, it is evident that applying perturbations in January or February of 2008
does not result in changes to thigective functioncrossedefore-15monin Fig. 3.10). This
observation indicates that the SST at the selected grid point is not sensitive $&Vthe
variations occurring in the early months of 2p0&ther it is primarily sensitive to the

conditionswithin the target year or several months betbeetargetear.

For comparison, an adjoint rimconducted witlthe annual mean SST of 2009 designed as
the cost function. The sensitivity solutions obtairiesm the adjoint run closely align with
those derived from the forward perturbatidrased approach. Moreover, the adjoint run
facilitates the identification of the most sensitive period by executing the adjoint model only
once, which would otherwise require multiple runs of perturbation experiméhis.
comparison is demonstrated within a simplified scenario focusing on a single gridTaint.
generate a broader spatial sensitivity map, it is necessary to repeat the perturbation experiment
for each grid box within the model domain. Clearly, this famvperturbatiosbased sensitivity

experimentation is computationally intensive and expensive.

To evaluate the linearity assumption, a negative perturbation was applied to the forward
forcing field (the bottom panel iRig. 39). The resulting response is depictedrig. 3.10 (the
navy line), illustrating a reverse effect in comparison to the positive perturbation (crosses).

Subsequently, both the linear and nonlinear respareeslculated [Eq. 3.15& Eq.3.16), as

shown in the figuretfiered and orange lines). As anticipated, the SST response to the imposed
SWi s nearly linear throughout the experimental pe(tbéred line) The nonlinear response
minimal (the orange line) with only avery small fraction of nodinearity observed in January
2009(Lead Month-11).
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Fig. 3.10. Comparison of adjoint sensitivity (pink dotsnit:3 7w & ) andSST response
(3 ) calculated from forward perturbation experime(gslid lines and crossgsinit: 3 ) at
53°N, 164°E with respect to month8W. Crosses show the responsepositive perturbation
and the navy line shows the response of negative perturbalibe. ed line siows a linear
response antheorange line showanortlinear response
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4 Results

4.1 Northeast Pacific Marine Heatwaves Mechanism

This sectionis designed to answer the first research question:

What is the main atmospheric driver for the NEP MHWSs?

Are theresults comparable to those obtained through heat budget analysis or other methods?

This sectionhas beemcceptd for publicationas:

Xiaoxue Wang, Armin Kohl, Detlef Stammortheast Pacific Marine Heatwaves Mechanism

Inferred from AdjoinSensitivities. Journal of Climatéaccepted and in production)
The format and contents have been slightly adjusted to suit this thesis.

All relevant referenceand additional informatioare compiled at the end of this thesis
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4.11.NEP MHW ResearchRegion

By now a classic example oh&HW is the 2014 2016 warm event that spread across
the NEPOceada war m event that resear ch@mdeta.oi ned
2015 Chen et al.2023 Fig. 1). Such anomalously warm surface water frequently returns to
the NEP region, e.g. during July and August 2019 as showkigs 4.11a, b Although

extreme events may occir variouslocations duringcertain months, a yearbnalysis shows
that smilar locations in the NERvereconsistently influenced by MHW during the years 2014
and 2019Kigs. 4.11c, d. This consistent pattern highlights the persistergact of MHWSs in
specific regions over timelherefore, two specific regions within this ar@egion 1: 145°
160°W, 48°~ 56°N;region 2: 130> 145°W, 40°~ 48°N, white boxeyhave been selected as
the main research focus in the NEP understand the @echanisms leading to lodgsting

extreme temperatures there

Shown in the lower two panels &ig. 4.11 are timeseries of annual mean H&bBT

(Rayner et al., 2003temperature anomalies for regions 1 and 2, respectively. Using the
statistics between 1948 and 20RBHW years detected are 1997, 2005, 2064 201920 for

region 1 and 1958, 19992, 201416, and201920 for region 2. MHWSs were identified in the

figure using the 90th percentile of annual mean SST as a threshold. In accordance with
previous findings, the last decade has withessed a concurrent escalation in both the intensity
and the frequency of MH®/within the designated study regioithe warming trendsi not
removed, as the detectéd inherently include this warming trend. The effect of global
warming onAF is not considered separately.

Also shown in the figure are timgeries of the PDO index based on NOAA's extended
reconstruction of SSTs (ERSST, ¥&m 5 Huang et al., 20J)7 and of the NPGO index based
on AVISO satellite product$Di Lorenzo et al., 2008 In both regions, curves are highly

correlated with SST variations in that all identifiddHW events occur during high/low
PDO/NPGO conditions. While the correlation with the PDO is not surprising as it is related to
a warming of the NEP regioand defined by the leading pattern of SSitas especially the
agreement with NPGO that to some g suggests an impact of changesthe ocean
circulation on MHW in this region. The loWvequency behavior of these climate modes

implies their importance for SST anomalies reaching across a threshold(Ra&oeet al.,
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2023. The detailed cause for SST spikes to occur in the study regions remains ;unclear

however they may primarily result from stochastic forcifi@apotondi et al., 2032

Several studies have investigated the driving mechanermd monthly or daily MHWs

by using either heat budget analysis or composite and statistical afiébjtis et al., 2022Li
et al., 2020 Oliver, 2019 Zschenderlein et al., 201.90f those, many show that the extreme

temperature anomalies are highly related to atmospheric circulgtadations such as

atmospheric blocking events or North Atlantic Oscillation (NA&ahl & Wernli, 2012
Scannell et al., 20165challer et al., 2038Yoon et al., 202P According to Amaya et al.

(2020, the 2019 MHW event shown iaig. 4.11awas caused by an unusual and persistent
weather pattern resulting from a prolonged weakening ofNR&H Bond et al.(2015
reported that the 280 MHW was caused byeduced heatoss from the ocean to the
atmosphere anaveakerthanrnormal cold advection in the uppdayer of theocean, both
attributed again to an unusually strong and persistent weather pattern featuringti@agher
normal sea level pressure and involving heat and momentum flux anomalies. Few studies
investigate NEP MHWSs over extended time scales, particularly regarding the anomalously
warm SST observed in 2014, which persisted for more than 2 (Bmseisser et al., 20119

Fig. 4.1.1 demonstrates that similar locations in the NEP are consistently affected by MHW
across different yearsn an annual scale. Accordingly, MH3\&lso influence annual mean
tempeatures suggesting that the definition of MHWSs provided above can also be applied to
annually averaged temperatures. They appear not orthea&urface but also extend to the
upper 100m of the ocean. In thisection the aim is to investigate the mechams that drive
these persistent annual MHWsarked inFig. 4.11 and compare them with the existing results
from other methods.
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Fig. 4.11. MODIS SSTaof 2019 (a) July, (b) August relative to a climatological seasonal
SST cycle from the period 202021 and annual anomaly of 2019 (c) and 2014 (d) relative to
the 20year mean. White boxes show two study areas (region 1:-4450°W, 48°~ 56°N;
region 2 130°~ 145°W, 40°~ 48°N). (e) and (f) Timeeries of HatBST annual anomalies
(Rayner et al., 2003from 1948 to 2022 averaged over regions 1 and 2, respectively (blue
lines). Superimposed are the PDO (orange dots) and N@&®@n dashed line) timgeries.
Red dashed lines show the 90th percentile MHW index; vertical grey lines mark seven MHW
events. Correlations between SST and PDO are 0.53 and 0.31 for regions 1 and 2, and SST and
NPGO are correlated at 0.52 a#0d64 levés, respectively.
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4.12. NEP MHW Model Set-up

Before conducting he adj oi nt e x pperfoimaneenirt the selelsted regiond e | 6
of the NEPis further validatedFig. 4.12 depicts the simulated temporal evolution of area
mean potential temperature within the two target regions from 1948 to 2017 to provide a
climatol ogy baseline for comparison. Despite
effectively captures the amplitude of observed interannual variability demdonstrates a
robust alignment with the trend of mean temperature evolution. HyeatOmodel timeseries
displasa r emar kabl e agreement with observations
reproducethe observed MHW events. The correlation coefficients of two semes between
the model and reanalysis are around 0.95 andtaed pvalues are far less than 0.(the
degrees of freedom number is)6Be., a statistically significant correlati@rists between the

model and observations.

Employing the annual MHW index definition, both the model and observations identify the
same MHW years during the ¥@ars(19482017), specifically 1957, 1984, 1993, 1997, 2004
05 and 201416 for study region 1 ah1958, 1986, 19992, 2005 and 20146 for study
region 2.Notably, the results are slightly different froffaig. 4.1.1 because the model time
period is different, and therefore the heatwave index (90th percentile of datdiffalso

After validation a set of adjoint sensitivity experiments to examine the sensitivity of
anomalous warming of NEP #F anomalieswvas performed The cost function is defined as

the temperature field in the upper 100 m, of region 1 and regimsj2ectively, averaged over
a oneyear periodEg. 3.9.

Restarting from the specific years of the forward run illustrateBidgn 4.12, respective
sensitivity runs were performed for all warm years sevkral normal years during 198617.
In each case, fowyrearlongforward and backward runvgere conductedTwo primary adjoint
experiments are targetirte year 2014 as the MHW year for region 1 (EXP1) and region 2
(EXP2).To examine how the evolutiarf sensitivity depends on the oceanic background,state
several supplementary experiments are carried out based on the MHW index of each target
region (vertical lines shown iRig. 4.12; e.g. settinghe normal year 2007/2013dhe target
year; setting MHW year 1997/2005/2015 th® target year). The adjoint model was run
backward to calculate the adjoint sensitivities of the anm&dn and volumenean potential

temperature to a set of independent parameters, including caeaerature and salinity as
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well as wind velocityPRE T2M, SH, and radiationThe analysis reveals that the sensitivity
before-4yr is notably weak.

Upon analyzing the adjoint sensitivity outcomes, it was observed that the results of all
experiments exhited substantial similarity. Sensitive areas do not change much with the
different target yearsResultssetthe normal year 2007 athe target year(Fig. 4.1.3 which
showsa similar pattern with setting MHW year 20{Big. 4.1.4. The slight differences in the
distribution patterns are due to the different maximum values of nitrenalization.
Additionally, the sensitivity with respect to T2M and SH in 2007 exhibits a similar distribution.
Consequently, only the sensitivity fieldierived fromthe adjoint experiment targeting the
MHW year 2014are presentefbr the following analysis

Fig.4.12. Timeseries of mean potential temperature in (top) regions 1 and (bottom) region
2 from 19480 2017. The orange and blue lines represent the annual mean model é88THad
fields, respectively. Red dashed lines show the MHW index for the forward ntoegkey
vertical line shows the resulting MHW events.
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