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Response	to	Anonymous	Referee	#1	
	
Original	 reviewer’s	 comments	are	 inserted	 in	black,	Author	Replies	are	added	 in	blue,	and	Changes	
made	to	 the	Manuscript	are	 finally	 listed	 in	grey,	whereby	page	and	 line	numbers	 refer	 to	 the	 fully	
revised	version	of	the	manuscript.	
	
I	enjoyed	reading	this	manuscript,	which	has	a	very	clear	narrative,	is	technically	sound,	and	clearly	
answered	the	questions	 it	set	out	to	answer.	The	authors	use	well	established	Lagrangian	methods	
and	an	eddy-rich	model	to	update	previous	Lagrangian	estimates	of	the	South	Atlantic	AMOC	return	
flow	 circulation	 patterns.	 Contrary	 to	 previous	 Lagrangian	 analyses	 based	 on	 coarser-resolution	
models,	they	find	that	the	“coldwater”	path	through	Drake	Passage	is	a	significant	contribution	to	the	
AMOC	 upper-cell	 return	 flow	 (and	 how	 this	 might	 have	 changed	 over	 time).	 They	 also	 use	 the	
Lagrangian	approach	to	clarify	the	water-mass	transformation	histories	of	the	“warm/salty-water”	and	
“cold/fresh-water”	pathways	as	they	interact	with	the	mixed-layer.	 I	have	general	comments	about	
the	 framing	of	 the	paper	and	 the	 lack	of	 some	 important	 references.	 I	have	only	minor	comments	
about	the	content	of	the	methods	and	results.	
AR:	Many	thanks	for	this	encouraging	reply	and	constructive	criticism.	We	are	happy	that	you	enjoyed	
reading	our	manuscript	and	that	you	generally	agree	to	the	employed	methodology	as	well	as	to	the	
presentation	and	interpretation	of	the	results.	We	greatly	appreciate	your	suggestions	regarding	the	
framing	of	the	paper	and	are	convinced	that	they	helped	to	improve	the	manuscript.	
	
	
General	Comments:	
	
The	 major	 weakness	 of	 the	 manuscript	 is	 its	 disregard	 for	 theories	 of	 the	 Atlantic	 Meridional	
Overturning	Circulation	and	inter-basin	exchange.	The	remainder	of	the	general	comments	section	is	
devoted	to	these	theories.	
AR:	Thank	you	for	pointing	this	out	and	providing	such	detailed	suggestions	for	improvements.	

	
§ In	particular,	 I	 recommend	an	additional	sentence	before	p.2,	 l.8-12	describing	research	about	

the	salt	advection	feedback	which	maintains	the	AMOC	and	also	the	related	(bi-)	stability	of	the	
AMOC.	 The	 authors	 should	modify	 the	 following	 lines	 (currently	 8-12)	 to	 contextualize	 those	
references	in	this	boarder	theoretical	context.	It	would	be	good	to	link	back	how	the	prevalence	
of	the	cold/fresh-water	route	fits	into	this	context	(perhaps	not	much,	since	as	you	have	shown	
these	waters	 are	 subsequently	 transformed	 as	 they	 traverse	 the	 South	 Atlantic).	 Examples	 of	
conceptual	theoretical	models	of	the	AMOC	and	the	salt-advection	feedback:	Stommel’s	classic	
two-box	 model	 (https://onlinelibrary.wiley.com/doi/abs/10.1111/j.2153-3490.1961.tb00079.x)	
Rahmstorf’s	recent	model	(https://link.springer.com/article/10.1007/s003820050144)	Wolfe	and	
Cessi’s	more	recent	attempt	(https://journals.ametsoc.org/doi/10.1175/JPO-D-13-0154.1)	
AR:	We	agree	that	the	theories	regarding	the	salt	advection	feedback	are	closely	related	to	the	
topic	 of	 our	manuscript	 and	 help	 supporting	 its	 relevance,	 hence	we	 gladly	 incorporated	 your	
suggestions.	However,	as	clearly	stated,	e.g.,	in	the	abstract,	results,	and	summary,	our	study	does	
not	claim	a	prevalence	of	the	cold	water	route.	We	argue	that	even	though	the	warm	water	route	
is	the	dominant	contributor	to	the	AMOC’s	upper	limb,	the	cold	water	route	contribution	is	with	
around	40%	not	negligible.	To	address	the	question	how	these	results	fit	into	the	context	of	the	
salt	 advection	 feedback,	we	 followed	Drijfhout	 et	 al.	 (2011)	 and	 calculated	 the	 AMOC	 related	
freshwater	transport	(hereafter	Fov)	across	the	southern	boundary	of	the	Atlantic.		At	30°S,	Fov	
amounts	 to	 -124.52.	 The	 negative	 sign	 implies	 a	 net	 AMOC-driven	 southward	 transport	 of	
freshwater	out	of	the	Atlantic.	This	suggests	that	the	freshwater	input	through	our	relative	high	
DP	contribution	is	still	dominated	by	the	salt	input	through	the	AC.	Following	the	theories	of	the	
salt	 advection	 feedback,	 the	 negative	 Fov	 has	 a	 strengthening	 effect	 on	 the	 AMOC,	 but	 also	
enables	a	positive	feedback	with	destabilizing	effect	on	the	AMOC	theoretically	allowing	for	the	
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‘off’	state.	Hence,	the	existence	of	the	cold/fresh	water	route	in	our	model	simulation	does	not	
disagree	with	the	theory	of	a	potentially	bi-stable	state	of	the	AMOC	related	to	a	negative	Fov.	
Note	though	that	the	reliability	of	Fov	as	an	AMOC	stability	criterion	is	currently	debated	(cf.,	Gent	
2018;	 Cheng	 et	 al.,	 2018)	 and	 further	 studies	 are	 needed	 to	 unravel	 the	 potential	 impact	 of	
changes	in	the	AC	and	DP	water	contributions	not	only	on	the	strength,	but	also	on	the	stability	of	
the	AMOC.	
CM:	We	now	introduce	the	salt	advection	feedback	in	the	introduction	and	relate	our	results	to	
the	respective	theories	 in	the	conclusions	by	making	use	of	the	estimated	freshwater	transport	
across	the	southern	boundary	of	the	Atlantic.		
p.2,	 ll.13-20:	 “In	 particular,	 it	 has	 been	 suggested	 that	 a	 net	 southward	 freshwater	 transport	
related	to	the	northward	advection	of	relatively	high	saline	waters	along	the	AMOC’s	upper	limb	
in	 the	 South	 Atlantic	 introduces	 a	 positive	 feedback	 (e.g.,	 Stommel,	 1961;	 Rahmstorf,	 1996;	
Drijfhout	et	al.,	2011):	a	weakening	(strengthening)	of	the	meridional	overturning	circulation	in	
the	Atlantic	 (AMOC)	results	 in	reduced	(enhanced)	northward	salt	 transport	and	corresponding	
freshening	 (salinification)	 of	 the	 North	 Atlantic,	 and	 further	 weakening	 (strengthening)	 of	 the	
overturning.	This	salt-advection	feedback	constitutes	the	basis	for	the	theory	of	rapid	climate	shifts	
associated	 with	 a	 bi-stability	 of	 the	 AMOC	 with	 either	 vigorous	 overturning	 (‘on’	 state)	 or	
weak/reversed	overturning	(‘off’	state)	(e.g.,	Rahmstorf,	2002;	Deshayes	et	al.,	2013).”	
p.18,	 ll.6-21:	 Considering	 the	 relatively	 high	 contribution	of	 fresh	DP	waters	 to	 the	upper	 limb	
transport	of	the	AMOC	revealed	by	our	study,	it	arises	the	question	how	this	fits	into	the	context	
of	 the	 salt	 advection	 feedback.	 In	 the	 employed	hindcast	 simulation,	 the	 average	 (1958-2009)	
AMOC	related	 freshwater	 transport	 (hereafter	Fov,	calculated	 following	Drijfhout	et	al.	 (2011))	
across	the	southern	boundary	of	the	Atlantic	at	30	°S	amounts	to	-124.52	mSv,	which	is	in	line	with	
estimates	for	other	hindcast	simulations	with	OGCM	configurations	at	comparable	resolution	(c.f.	
Deshayes	 et	 al.,	 2013).	 The	 negative	 sign	 implies	 a	 net	 AMOC	 related	 southward	 transport	 of	
freshwater	out	of	the	Atlantic	or,	equivalently,	a	northward	advection	of	salt	into	the	Atlantic.	This	
suggests	that	the	freshwater	input	through	the	DP	contribution	is	still	dominated	by	the	salt	input	
through	the	AC	contribution.	Following	the	theories	of	the	salt	advection	feedback,	the	negative	
Fov	 has	 a	 strengthening	 effect	 on	 the	 current	AMOC,	 but	 also	 enables	 a	 positive	 destabilizing	
feedback	 theoretically	 allowing	 for	 the	 ‘off’	 state.	 Hence,	 the	 relative	 large	 DP	 in	 our	 model	
simulation	does	not	disagree	with	the	theory	of	a	potentially	bi-stable	state	of	the	AMOC	related	
to	a	negative	Fov.	Note	though	that	the	reliability	of	Fov	as	an	AMOC	stability	criterionis	currently	
debated	 (cf.	 Gent,	 2018;	 Cheng,	 2018).	 The	 results	 of	 our	 Lagrangian	 analysis	 also	 put	 a	
fundamental	assumption	of	the	salt-advection	feedback	into	question,	namely,	that	anomalies	in	
the	freshwater	transport	at	the	southern	boundary	of	the	Atlantic	are	coherently	advected	into	
the	 North	 Atlantic.	 The	 substantial	 along-track	 property	 modifications	 revealed	 in	 this	 study	
challenge	 the	 use	 of	 the	 inferred	 advective	 volume	 transport	 pathways	 and	 timescales	 for	
assessing	the	pathways	and	timescales	with	that	upper	ocean	temperature	or	salinity	anomalies	
are	transmitted	through	the	Atlantic.”	
	

§ Similarly,	 in	p.2,	 l.26-33,	the	authors	cite	many	observational	 inverse	models	and	model-based	
Lagrangian	analyses	on	both	sides	of	the	debate	but	there	is	very	little	theoretical	consideration	
of	why	either	the	cold-water	or	warm-water	pathways	should	be	favored,	despite	the	existence	
of	 such	 studies.	Notably,	Cessi	 and	 Jones	 (https://journals.ametsoc.org/doi/10.1175/JPO-D-16-
0249.1)	 derive	 an	 elegant	 theoretical	 explanation	 for	 the	 (supposed)	 dominance	 of	 the	
warm/salty-water	 route	 relative	 to	 the	 cold/fresh-water	 route.	 Summarizing	 their	 theoretical	
argument,	they	say:	“Here,	we	present	arguments	indicating	that	all	of	the	supergyre	enables	the	
warmroute	exchange	of	the	MOC.	Specifically,	we	show	that	the	position	of	the	short	continent	
relative	 to	 the	 latitude	of	 the	zero	Ekman	pumping	determines	whether	 the	cold	 route	or	 the	
warm	 route	 is	 the	 preferred	mode	of	 interbasin	 exchange.	We	 find	 that	 as	 long	 as	 there	 is	 a	
subtropical	supergyre	connecting	the	South	Atlantic	to	the	Indo-Pacific,	the	exchange	is	via	the	
warm	 route.	 Conversely,	 if	 the	 subtropical	 gyres	 in	 the	 Atlantic	 and	 Indo-Pacific	 sectors	 are	
separated,	then	the	interbasin	flow	is	via	the	cold	route.”	Given	that	this	theoretical	result	directly	
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contradicts	 the	 findings	 of	 this	 paper,	 I	would	 like	 the	 authors	 to	 acknowledge	 this	work	 and	
perhaps	speculate	on	what	might	be	the	cause	of	the	contradiction.	
AR:	We	agree	that	the	theoretical	considerations	by	Cessi	and	Jones	(2017)	need	to	be	included	in	
the	introduction	for	a	thorough	and	complete	review	of	the	existing	 literature.	However,	we	do	
not	think	that	their	conclusion	based	on	an	idealized	coarse-resolution	model	set-up,	namely,	that	
the	upper	limb’s	exchange	occurs	exclusively	via	the	warm	water	route,	contradict	our	study,	since	
(i)	we	do	not	claim	a	prevalence	of	the	cold	water	route,	but	still	support	the	dominance	of	the	
warm	water	route	(see	comments	above),	and	(ii)	Cessi	and	Jones	(2017)	state	themselves	that	
under	more	realistic	model	set-ups	mixed	exchange	routes	may	exist.	
CM:	 We	 are	 now	 taken	 into	 account	 the	 study	 by	 Cessi	 and	 Jones	 (2017)	 by	 introducing	 the	
following	paragraphs	to	the	introduction:	
p.3,	ll.20-27:	“Recently,	[the	warm	water	route	hypothesis]	got	further	theoretical	support	by	Cessi	
and	Jones	(2017),	who	studied	the	upper	limb	of	the	AMOC	in	an	idealized	model	configuration	
with	simplified	atmospheric	forcing	and	geometry	(one	wide	and	one	narrow	basin,	representing	
the	 Indo-Pacific	 and	Atlantic	Oceans,	 separated	 by	 a	 long	 and	 a	 short	 continent,	 representing	
America	and	Eurasia/Africa,	and	connected	in	the	South	through	a	reentrant	channel,	representing	
the	ACC).	They	showed	that	the	latitude	of	zero	Ekman	pumping	relative	to	the	southern	extent	of	
the	short	continent	determines	the	route	of	the	upper	limb’s	interbasin	exchange;	and	that	under	
the	current	geographical	settings,	which	allow	for	a	southern	hemisphere	supergyre,	the	exchange	
occurs	exclusively	south	of	the	short	continent,	that	is,	via	the	warm	water	route.”	
p.3,	ll.28-34:	“Still,	the	studies	supporting	the	warm	water	route	hypothesis	remain	inconclusive.	
On	the	one	hand,	the	idealized	model	configuration	of	Cessi	and	Jones	(2017)	leads	to	an	artificial	
separation	 of	warm	and	 cold	water	 route	 scenarios,	whereby	 realistic	wind	 stress	 forcing	 and	
geometry	indeed	may	allow	for	mixed	exchange	routes	as	stated	by	the	authors	themselves.	On	
the	other	hand,	Cessi	and	Jones	(2017)	and	most	other	studies	in	support	of	the	warm	water	route	
hypothesis	 were	 based	 on	 the	 evaluation	 of	 relatively	 coarse	 resolution	 non-eddying	 or	 eddy-
permitting	ocean	model	simulations	(Speich	et	al.,	2001;	Donners	and	Drijfhout,	2004;	Speich	et	
al.,	 2007),	 and	 various	 studies	 (e.g.,	 Biastoch	 et	 al.,	 2008c;	 Durgadoo	 et	 al.,	 2013)	 have	
demonstrated	 that	 coarse	 non-eddying	 ocean	 models	 overestimate	 the	 strength	 of	 Agulhas	
leakage.”	
	
	

Specific	Comments:	
	

§ p.5,	l.8-9:	Why	free-slip	in	the	base	model	and	no-slip	in	the	nest?	Is	this	a	standard	difference	
between	model	 formulations	 for	eddy-permitting	and	eddy-rich	models?	 I	 suspect	 it	 does	not	
make	much	of	a	difference	to	the	simulation	but	I	am	curious	and	other	readers	will	likely	be	as	
well.	
AR:	Free-slip	has	been	standard	for	ORCA025	model	configurations	at	¼°	resolution	(Barnier	et	al.,	
2006)	so	we	adopted	that	boundary	condition	also	for	our	ORCA025	base.	Sensitivity	experiments	
with	the	employed	eddy-rich	model	configuration	performed	by	Schwarzkopf	et	al.	(2019),	show	
that	at	this	higher	resolution	no-slip	yields	better	performance	regarding	the	circulation	features	
of	interest	in	this	study.		
CM:	To	avoid	confusion,	we	deleted	the	information	on	the	lateral	boundary	conditions	from	our	
manuscript	and	instead	refer	for	details	on	the	experimental	set-up	to	the	companion	paper	of	
Schwarzkopf	et	al.	(2019),	who	thoroughly	introduce	the	employed	model	configuration,	including	
a	discussion	of	 the	sensitivity	of	 the	simulations	with	 respect	 to	 the	choice	of	 lateral	boundary	
conditions.	
p.6,	l.2:	“For	more	details	on	the	experimental	set-up	and	a	general	model	validation	please	refer	
to	Schwarzkopf	et	al.	(2019).”	
	

§ 	p.9,	 l.16-31:	 Perhaps	worth	mentioning	 that	 in	 this	 case	 (and	more	 generally)	 it	 is	 difficult	 to	
directly	 compare	 Lagrangian	 studies	 because	 making	 slightly	 different	 choices	 in	 release	 /	
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conditional	 sections	 results	 in	 differences	 in	 transport	 estimates	 for	 which	 it	 is	 impossible	 to	
disentangle	model	differences	from	methodological	differences.	The	lack	of	Lagrangian	analysis	
inter-comparisons	makes	it	even	more	difficult	to	determine	how	important	these	differences	can	
be.	 Some	 progress	 has	 been	 made	 by	 recent	 model	 inter-comparisons	 across	 OGCM	 and	
Lagrangian	Model	code	by	Tamsitt	et	al.	(https://www.nature.com/articles/s41467-017-00197-0)	
and	across	model	resolutions	within	a	single	OGCM	and	Lagrangian	Model	formulation	by	Drake	
et	al.	 (https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL076045),	both	of	which	
consider	 the	 complimentary	 pathways	 of	 upwelling	 circumpolar	 deep	 water	 in	 the	 Southern	
Ocean.	
AR:	We	agree	that,	generally,	a	direct	comparison	of	Lagrangian	studies	can	be	very	difficult	due	
to	potential	sensitivities	of	the	results	to	the	chosen	release	and	sampling	sections,	integration	and	
interpolation	schemes,	and	details	 in	the	 integration	strategy	such	as	the	time	step,	number	of	
released	particles,	or	boundary	conditions,	as	nicely	discussed	in	Tamsitt	et	al.	(2018).	However,	
the	Lagrangian	model	studies	we	are	referring	to	for	the	comparison	of	the	transport	estimates	all	
applied	 the	 same	 linear	 interpolation	 as	 well	 as	 analytical	 integration	 method	 to	 volume-
conserving	 flow	 fields.	 Moreover,	 the	 analytical	 integration	 method	 works	 without	 any	 time	
stepping	and	respects	the	volume	conservation	of	the	underlying	flow	field	thereby	avoiding	coast	
crashes	 (for	 details	 see,	 e.g.,	 van	 Sebille	 et	 al.,	 2018).	 Hence,	 we	 argue,	 that	 the	 sensitivities	
discussed	in	Tamsitt	et	al.	(2018)	are	of	minor	importance	for	this	study	and	the	cited	transports	
indeed	mostly	differ	due	to	differences	in	the	underlying	OGCM	output	as	well	as	due	to	differences	
in	the	release	and	sampling	sections,	most	importantly,	the	reference	section	for	the	Lagrangian	
decomposition	of	the	AMOC.		
CM:	To	better	account	for	this	matter	we	added	the	following:	
p.10,	ll.11-14:	“[…]	All	these	studies	employed	the	same	analytical	trajectory	integration	method	
so	that	differences	in	the	derived	volumetric	contributions	to	the	upper	limb	of	the	AMOC	can	be	
mainly	related	to	differences	in	the	analyzed	OGCM	output	(even	though	the	different	reference	
sections	for	the	Lagrangian	decomposition	do	not	allow	for	a	detailed	one-to-one	comparison).”	
	

§ p.9,	l.27-30:	Please	explain	what	a	“OGCM	used	in	diagnostic	mode”	means.	Do	you	mean	in	a	
data	assimilation	mode,	as	in	the	ECCO	models?	
AR:	“Robust	diagnostic	mode”	is	a	commonly	used	expression	in	ocean	modelling.	It	stands	for	the	
procedure	 in	 which	 during	 run-time	 the	 models	 tracer	 fields	 are	 frequently	 relaxed	 towards	
climatology	(e.g.	Levitus)	to	reduce	spurious	model	drifts.	
	

§ p.10,	l.6-9:	It	may	be	worth	clarifying	that	the	Lagrangian	method	used	here	does	not	account	for	
the	effects	of	sub-grid	scale	stirring,	which	would	act	to	further	disperse	trajectories	and	could	
modify	transit	time	distributions.	
CM:	We	clarify	this	by	adding	respective	sentences	to	the	method	section	and	to	the	paragraph	on	
transit	times	
p.7,	l.9:	“No	additional	sub-grid	scale	Lagrangian	diffusion	parametrization	was	implemented.”	
p.11,	ll.4-6:	“Here	we	infer	advective	timescales	from	the	simulated	volume	transport	trajectories.	
Note	that	timescales	inferred	from	trajectories	accounting	for	the	effect	of	sub-grid	scale	physics,	
e.g.,	 representing	advective-diffusive	tracer	spreading,	could	 lead	to	modified,	e.g.,	broadened,	
transit	time	distributions.”	
	

§ p.12,	l.7:	“alreday”	is	a	typo	for	“already”	but	I	would	just	leave	the	word	out	all	together	as	the	
sentence	does	much	make	much	sense	with	it	in	there.	
CM:	We	deleted	it	
	

§ p.12,	 l.10-11:	Could	you	clarify	whether	these	distributions	(and	all	 following	distributions)	are	
particle	 weighted	 and	 whether	 this	 is	 equivalent	 to	 area-weighting,	 transport-weighting,	 or	
neither?	 It	 seems	 that	 for	 T,S	 diagrams	 along	 a	 section	 that	 area-weighting	 might	 be	 most	
appropriate?	
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AR:	In	fact,	in	the	original	manuscript,	all	plots	showing	color-shaded	distributions	were	based	on	
simple	particle	frequencies	per	bin	(as,	to	our	mind,	clearly	stated	in	the	figure	captions	as	well	as	
in	the	text).		This	should	have	allowed	for	a	first	qualitative	assessment	by	means	of	a	measure	
that	is	relatively	easy	to	understand.	For	all	further	quantitative	assessments,	we	referred	to	the	
bar	 graphs	 of	 transport-weighted	 distributions.	 Even	 though	 simple	 particle	 frequency	
distributions	theoretically	differ	from	transport-weighted	distributions	(since	each	particle	can	be	
associated	with	a	slightly	different	transport)	and	area-weighted	distributions	(since,	e.g.,	lon/lat	
bins	do	not	necessarily	have	 the	same	size),	 these	differences	are	negligible	 for	 the	qualitative	
assessment	of	the	integrated	measures	of	interest	in	this	study.		
CM:	Nevertheless,	to	avoid	confusions,	we	now	changed	simple	particle	frequencies	to	transport-
weighted	particle	frequencies	in	Figures	6,	7,	9	(and	Figure	13)	and	the	figure	captions	have	been	
adjusted	accordingly.	Moreover,	a	short	explanation	has	been	added	to	the	method	section:	
p.8,	 ll.8-11:	“To	visualize	the	distribution	of	AC	or	DP	waters	along	distinct	sections	we	inferred	
binned	transport-weighted	particle	frequencies	by	dividing	the	cumulative	transport	of	particles	
occupying	 a	 certain	 bin	 by	 the	 cumulative	 transport	 of	 the	 whole	 set	 of	 particles.	 Transport-
weighted	particle	distributions	are	preferred	over	simple	particle	frequency	distributions	since	they	
take	into	account	that	each	particle	can	be	associated	with	a	slightly	different	transport.”	
	

§ p.13,	l.24-28:	I	am	admittedly	a	bit	confused	about	how	the	Ariane	model	considers	flow	in	the	
mixed	layer.	Since	transformations	within	the	mixed	layer	are	a	key	part	of	this	section,	I	feel	it	
would	be	important	to	discuss	what	it	means	to	advect	particles	with	the	resolved	velocities	in	a	
mixed	layer	for	which	(presumably)	convection	is	not	resolved	(Is	this	true?	I	have	little	experience	
with	such	a	high-resolution	model).	In	most	mixed	layer	schemes	that	I	am	familiar	with,	the	tracer	
fields	are	rearranged	or	homogenized	by	artificially	increasing	the	vertical	diffusivity.	What	does	
this	mean	for	a	particle	in	the	mixed	layer?	See	for	example	the	discussion	in	van	Sebille	et	al.	
(https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/grl.50483).	
AR:	 ARIANE	 has	 been	 developed	 as	 a	 Lagrangian	 analysis	 tool,	 that	means,	 it	 purely	 advects	
particles	 with	 the	 simulated	 volume-conserving	 flow	 field	 of	 an	 OGCM	 along	 analytically	
integrated	 streamlines	 –	 without	 any	 Lagrangian	 sub-grid	 scale	 parametrizations.	 Hence,	 the	
resulting	 particle	 trajectories	 represent	 volume	 transport	 pathways	 fully	 determined	 by	 the	
resolved	 flow.	 OGCM	 sub-grid	 scale	 parametrizations	 –	 such	 as	 tracer	 diffusion	 and,	 more	
specifically,	parametrizations	for	vertical	tracer	mixing	in	the	mixed	layer	(which	is	achieved,	as	
you	described	above,	by	increasing	the	vertical	diffusivities)	–	are	“only”	implicitly	included	through	
tracer	changes	along	the	particle	trajectories.		
In	 contrast,	 tools	as	CMS	–	which	has	been	employed	 in	 the	above	mentioned	example	of	van	
Sebille	 et	 al.	 –	 allow	 for	 Lagrangian	modelling	 attempts	 to	 directly	 simulate	 tracer	 spreading	
(instead	of	 volume	 transport	pathways).	They	add	Lagrangian	parametrizations	 to	 the	particle	
advection	 to	 explicitly	 account	 for	 sub-grid	 scale	 physics.	 Consequently,	 mixing	 should	 be	
represented	 by	 a	 redistribution	 of	 particles	 and	 the	 tracer	 values	 for	 one	 particle	 along	 its	
trajectory	should	stay/	be	assumed	constant	with	time.	However,	it	is	still	debatable	whether	the	
applied	relatively	simplistic	parametrizations	indeed	result	in	an	adequate	representation	of	tracer	
spreading.	
CM:		We	adjusted	the	description	of	the	particle-tracking	method	to	further	clarify	the	treatment	
of	sub-grid	scale	parametrizations.	
p.7,	 ll.7-12:	 “ARIANE	 is	 a	 freely	 available	 FORTRAN	 software	 that	 infers	 Lagrangian	 particle	
trajectories	from	simulated	three-dimensional	volume-conserving	velocity	fields	saved	on	a	C-grid	
by	offline	advecting	virtual	fluid	particles	along	analytically	computed	streamlines.	No	additional	
sub-grid	scale	Lagrangian	diffusion	parametrization	was	implemented.	The	obtained	trajectories	
thus	represent	volume	transport	pathways,	which	may	experience	along-track	tracer	and	density	
changes	that	are	reflecting	the	sub-grid	scale	parametrizations	of	the	underlying	OGCM,	including	
vertical	tracer	mixing	in	the	mixed	layer.	For	a	detailed	discussion	of	this	concept	please	refer	to	
van	Sebille	et	al.	(2018).”	
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§ p.17,	l.11-13:	See	however	Tamsitt	et	al	(https://www.nature.com/articles/s41467-017-00197-0)	
and	 van	 Sebille	 et	 al	 (https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/grl.50483)	who	
use	particle	probability	maps	to	show	that	even	in	a	Lagrangian	framework	in	eddying	models,	
the	Global	MOC	still	has	some	spatial	coherence	that	corresponds	to	coherent	tracer	distributions.	
AR:	We	did	not	want	to	give	the	impression	that	there	is	no	spatial	coherence	at	all,	but	that	the	
spatial	 coherence	 is	 limited.	 In	 fact,	 in	 the	 paragraph	 below	 the	 one	 you	 are	 referring	 to,	we	
describe	that	some	spatial	coherence	exists	also	in	our	simulations	on	the	intermediate	water	level.		
CM:		To	further	clarify	this	point	we	now	explicitly	mention	the	remaining	spatial	coherence	of	the	
AMOC:	
p.18,	 ll.25-27:	 “It	 is	 noteworthy	 though	 that	 the	 deeper	 parts	 of	 the	 upper	 limb,	 such	 as	 the	
intermediate	waters	transiting	the	South	Atlantic	without	mixed	layer	contact,	largely	keep	their	
characteristic	properties	along	their	transit,	 indicating	some	remaining	spatial	coherence	of	the	
AMOC.”	
	

§ Figure	7:	It	took	me	perhaps	10	minutes	to	understand	what	was	happening	in	this	entire	figure.	
I	would	 recommend	 adding	 the	 blue	 lines	 to	 (a)	 and	 the	 red	 lines	 to	 (b)	 and	 perhaps	 adding	
annotations	of	“AC”	in	red	and	“DP”	in	the	top	left	of	(a).	The	use	of	parentheses	to	signify	the	
converse	in	the	last	sentence	of	the	caption	did	not	help.		
AR:	We	are	sorry	that	this	figure	appeared	so	complicated.		
CM:	We	added	the	lines	as	suggested,	and	completely	rewrote	the	figure	caption:	
p.33:	 “Thermohaline	 properties	 of	 waters	 with	 AC	 and	 DP	 origin	 inferred	 from	 all	 10	 REF	
experiments.	(a-d)	Mean	potential	temperature	(q)	and	salinity	(S)	characteristics	of	AC	and	DP	
waters	at	their	source	and	within	the	NBC:	relative	transport-weighted	particle	frequency	per	0.5	
°C	x	0.1	psu	bin	in	%	(color	shading);	initially,	99	%	of	the	DP	(AC)	water	volume	can	be	found	at	
temperatures	colder	(warmer)	than	8.5	°C	(4.0	°C)	and	at	salinities	lower	(greater)	than	34.45,	as	
indicated	by	blue	(red)	lines.	(e-g)	Mean	volume	transport	per	density	class	(in	0.1	kgm3	bins)	of	
AC	 (red)	 and	 DP	 (blue)	 waters	 at	 their	 source	 and	 within	 the	 NBC,	 as	 well	 as	 associated	
transformation	 in	 density	 space	 (bar	 graphs);	 potential	 density	 levels	 used	 to	 separate	 upper,	
intermediate,	and	deep	waters	are	highlighted	by	solid	black	lines.”	
 
	
Technical	Corrections:	
	

§ p.5,	l.13:	Typo?	Should	the	maximum	bi-harmonic	eddy	viscosities	Ahm0	be	-6x10ˆ9	(-1.5x10ˆ11)?	
CM:	Thanks	for	spotting	this	typo,	we	corrected	it.	
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Response	to	Anonymous	Referee	#2	
	
Original	reviewer’s	comments	are	inserted	in	black,	Author	Replies	are	added	in	blue,	and	Changes	
made	to	the	Manuscript	are	finally	listed	in	grey,	whereby	page	and	line	numbers	refer	to	the	fully	
revised	version	of	the	manuscript.	
	
In	this	study,	the	authors	outline	very	clearly	a	compelling	Lagrangian	analysis	of	the	different	sources	
of	water	to	the	NBC,	and	how	their	respective	property	changes	are	brought	about	though	the	South	
Atlantic.	I	recommend	this	study	for	publication	in	Ocean	Science,	though	as	described	below,	I	think	
that	improvements	could	be	made	to	the	manuscript	with	the	inclusion	of	more	discussion	on	the	big	
picture	implications	of	their	findings.	
AR:	Many	thanks	for	your	positive	feedback.	We	appreciate	your	suggestions	and	believe	that	
including	them	strengthened	the	general	framing	and	discussion	of	our	work.	
	
	
Main	comments:	
	
§ Two	of	the	big	picture	implications	that	I	think	would	be	particularly	valuable	to	discuss	are:		

1) the	potential	implications	of	the	different	routes	for	Stommel’s	advective	salt	feedback	(or	Fov;	
e.g.	 Drijfhout	 et	 al.,	 2011,	 Climate	 Dynamics).	 Model’s	 often	 get	 this	 wrong,	 and	 the	
implications	for	this	may	be	large	(e.g.	Liu	et	al.,	2017,	Science	Advances).	I	wonder,	therefore	
whether,	the	models	could	be	getting	the	Fov	sign	wrong	because	they	are	underestimating	
the	fresher	DP	contribution.	
AR:	We	now	added	one	paragraph	to	the	introduction	and	one	paragraph	to	the	conclusions	
to	relate	our	work	to	the	theories	to	the	salt	advection	feedback	(please	refer	to	the	response	
to	referee#1	for	details).	However,	we	do	not	think	that	we	can	justify	a	general	statement	on	
the	relation	between	the	AC/DP	partitioning	and	deficiencies	with	respect	to	model’s	
representations	of	AMOC	stability,	since	(i)	most	state-of-the	art	OGCMs	have	a	negative	Fov,	
and	also	many	CMIP5	climate	models	seem	to	get	the	sign	right	(even	though	Liu	et	al.,	
(2017),	stated	otherwise,	cf.	Gent	(2018)),	and	(ii)	it	is	currently	debated	whether	Fov	is	a	
reliable	stability	criterion	at	all	(cf.	Gent	(2018),	Cheng	(2018)).	

2) A	comparison	of	 the	pathways	to	 those	produced	 in	more	 idealized	and	theoretical	 studies,	
such	as	the	recent	papers	by	Spencer	Jones	and	Paola	Cessi.	This	would	be	useful	since	those	
simpler	models	are	the	ones	we	often	rely	on	for	clearer	diagnoses	of	the	mechanisms	at	play.	
AR:	We	agree	that	the	theoretical	considerations	by	Cessi	and	Jones	(2017)	need	to	be	included	
in	 the	 introduction	 for	a	 thorough	and	complete	 review	of	 the	existing	 literature	and	added	
respective	paragraphs	to	the	manuscript	(please	refer	to	the	response	to	referee#1	for	details).	

	
§ It	 would	 also	 be	 useful	 to	 have	more	 description	 of	 the	 study	 by	 Rodrigues	 et	 al.,	 (2010),	 the	

observations	of	which	are	used	to	validate	this	work.	The	authors	outline	in	the	introduction	that	
the	relative	contributions	from	each	source	are	strongly	debated	between	many	studies.	Therefore,	
in	order	for	the	reader	to	accept	this	study	as	the	most	accurate	among	them,	it	will	require	that	
we	agree	the	comparison	to	observations	is	better.	However,	I	only	found	a	three-line	description	
of	that	observational	study	(P9L31-25).	
AR:	We	understand	that	the	details	of	the	study	by	Rodrigues	et	al	(2010)	may	be	of	interest	to	the	
reader,	but	we	are	of	the	opinion	that	our	comparison	that	focuses	on	the	AC	and	DP	contributions	
is	adequate	for	the	purpose	of	the	manuscript.	On	the	one	hand,	we	give	several	complementary	
reasons,	why	a	solution	with	a	non-negligible	DP	contribution	may	be	the	most	realistic	one	(please	
also	 see	 the	 changes	 made	 to	 the	 introduction).	 In	 fact,	 to	 our	 mind,	 a	 good	 agreement	 with	
Rodrigues	et	al.	(2010)	alone	is	not	sufficient	to	accept	our	study	as	the	most	accurate,	given	the	
limited	spatial	and	temporal	resolution	of	observational	data.	On	the	other	hand,	a	more	detailed	
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comparison	between	Rodrigues	et	al.	2010	and	our	results	in	terms	of	other	derived	quantities	would	
require	 complex	 analysis	 which	 are	 beyond	 the	 scope	 and	 framing	 of	 this	 study	 and	 may	 be	
unnecessary,	 given	 the	 detailed	 model	 validation	 performed	 by	 us	 (see	 method	 section)	 and	
Schwarzkopf	et	al.	(2019).		

	
§ Finally,	it	would	help	if	the	authors	could	provide	more	discussion	of	the	perceived	weaknesses	of	

the	experimental	setup.	While	many	of	the	earlier	studies	did	not	use	high	resolution	models,	this	
model	has	quite	a	short	spin-up	time	and	appears	to	only	use	interannual	forcing	fields.	E.g.	might	
higher	resolution	winds	allow	more	water	to	cross	from	the	AC?		
AR:	 It	 seems	 our	 formulations	 regarding	 the	 temporal	 resolution	 of	 the	 forcing	 fields	 has	 been	
misleading.	The	term	interannual	forcing	has	been	used	to	contrast	the	forcing	from	the	employed	
hindcast	 spanning	 the	 period	 1958-2009	 to	 that	 from	 a	 climatological	 run	 with	 no	 interannual	
forcing	variability.	More	precisely,	the	employed	atmospheric	forcing	for	the	period	1958-2009	from	
the	 CORE	 data	 set	 includes	 6-hourly	 atmospheric	 state	 variables	 at	 10m	 height	 (temperature,	
humidity	 and	 horizontal	 wind	 components),	 daily	 long	 and	 short-wave	 radiation	 (prior	 to	 1984	
based	on	a	climatological	mean	annual	cycle),	and	monthly	precipitation	(prior	to	1979	based	on	a	
climatological	mean	annual	cycle)	as	described	in	the	listed	reference.		
Even	though	the	employed	spin-up	is	clearly	too	short	for	the	deep	ocean	to	reach	a	stable	state,	it	
is	rather	long	for	a	realistic	ocean	model	configuration	at	such	high	resolution.	It	is	fair	to	assume	
that	at	 least	 the	upper	ocean,	which	 is	most	 relevant	 for	 this	 study,	 has	 reached	an	adequately	
adjusted	state.	
CM:	We	reformulated	all	parts	referring	to	interannually	varying	atmospheric	forcing	fields.		
p.5,	ll.24-25:	“(…)	and	subsequently	run	with	forcing	from	the	atmospheric	fields	of	the	Coordinated	
Ocean-Ice	Reference	Experiments	data	set	version	2	(CORE;	Large	and	Yeager,	2009;	Griffies	et	al.,	
2009)	for	the	period	1958–2009.”	
p.11,	ll.29-31:	“(…),	we	used	5-day	mean	velocity	fields	of	a	hindcast	experiment,	whereas	Speich	et	
al.	 (2001)	used	monthly	means	 from	a	climatological	experiment.	The	 increase	 in	 resolution	and	
allowance	for	interannual	variability	most	likely	lead	to	(…)”	

	
	
Other	comments:	
	
§ P12L21:	This	is	an	interesting	argument,	and	the	authors	have	convincingly	demonstrated	that	the	

two	water	masses	are	made	more	distinct	by	to	their	salinity	characteristics.	However,	what	I	think	
is	probably	more	important	in	terms	of	how	they	should	be	labelled	is	the	relative	impacts	the	T	
and	S	differences	have	on	density.	While	 the	water	masses	might	be	more	easily	delineated	by	
salinity,	 it	does	not	mean	that	those	salinity	differences	have	as	big	an	impact	on	density	as	the	
temperature	differences	(e.g.	if	the	salinity	range	is	smaller).	Given	the	nonlinearity	of	the	equation	
of	state,	it	may	not	be	trivial	to	fully	estimate	those	impacts,	but	a	rule-of-thumb	estimation	would	
still	be	useful.	If	it	turns	out	that	the	temperature	differences	have	a	larger	impact	on	density,	then	
the	warm-	and	cold-route	terminology	would	likely	remain	preferable.	
AR:	We	 agree	 that	 this	 a	 very	 interesting	 point	worth	 of	 further	 dedicated	 analysis,	which	 are,	
however,	beyond	 the	scope	of	 the	current	 study.	Given	 that	 the	positive	 temperature	anomalies	
introduced	by	the	inflow	of	upper	waters	South	of	Africa	have	been	suggested	to	be	dampened	way	
faster	than	the	positive	salinity	anomalies	(e.g.,	Gordon,	1992)	we	anticipate	a	larger	impact	of	the	
salinity	 difference.	 The	 importance	 of	 the	 salinity	 difference	 is	 further	 supported	 by	 the	 newly	
included	 discussion	 of	 the	 salt	 advection	 feedback	 (see	 comment	 above).	 However,	 overall,	 the	
relative	importance	of	the	temperature	and	salinity	differences	may	be	dependent	on	the	details	of	
the	research	question.	
Gordon,	A.	L.,	Weiss,	R.	F.,	Smethie,	W.	M.,	&	Warner,	M.	J.	(1992).	Thermocline	and	intermediate	water	communication	
between	 the	 south	 Atlantic	 and	 Indian	 oceans.	 Journal	 of	 Geophysical	 Research,	 97(C5),	 7223.	
https://doi.org/10.1029/92JC00485	
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CM:	The	respective	paragraph	has	been	adjusted:	
p.13,	ll.19-22:	“Hence,	we	may	consider	fresh	and	salty	routes	as	an	alternative	and	more	precise	
terminology,	which	also	accounts	for	the	relative	role	of	the	two	sources	with	respect	to	the	salt	
advection	 feedback.	 Yet,	 dependent	 on	 the	 specific	 research	 question,	 the	 mean	 temperature	
difference	between	the	two	may	still	be	of	(larger)	importance.	Therefore,	we	would	recommend	
referring	directly	to	the	geographic	origin	to	avoid	ambiguities.”	

	
§ P13L1-5:	I	am	unclear	on	these	density	definitions.	Wouldn’t	these	density	definitions	of	surface,	

central	and	intermediate	waters	depend	on	latitude,	and	therefore	be	different	for	the	two	sources	
of	water?	Some	additional	description	may	help.	
AR:	The	density	criteria	 for	 separating	surface,	 central,	and	 intermediate	waters	are	–	as	we	do	
acknowledge	in	lines	1-6	at	page	14	–	not	uniquely	defined.	However,	the	chosen	(or	very	similar)	
values	have	been	meaningful	applied	for	broader	scale	analysis	in	the	subtropical	and	tropical	South	
Atlantic	 (see	references	within	the	manuscript	 itself).	 In	particular,	Antarctic	 Intermediate	Water	
(AAIW)	can	be	detected	in	the	given	density	range	within	the	whole	South	Atlantic	basin	north	of	
the	Subantarctic	Front,	encompassing	the	upper	limb	pathways	of	the	AC	as	well	as	DP	contribution	
(cf.	section	3.3.	of	main	manuscript	and,	e.g.,	Table	2	of	Heywood	and	King,	2002).	Everything	above	
the	AAIW	layer	constitutes	the	upper	water	layer,	which	in	the	subtropical	and	tropical	Atlantic	can	
be	further	divided	in	central	waters	remotely	formed	by	subduction	and	surface	waters	under	direct	
influence	of	local	air-sea	fluxes.	The	density	level	that	separates	these	two	layers	is	indeed	latitude	
dependent,	given	that	the	central	water	range	broadens	towards	the	tropics	where	it	includes	more	
and	more	 varieties	 of	 subducted	 surface	waters	 from	 the	 subtropics.	 Hence,	we	 agree	 that	 the	
discussion	of	surface	and	central	water	transformation	in	the	current	form	may	be	confusing.		
Heywood,	K.	J.,	&	King,	B.	A.	(2002).	Water	masses	and	baroclinic	transports	in	the	South	Atlantic	and	Southern	oceans.	
Journal	of	Marine	Research,	60(5),	639–676.	https://doi.org/10.1357/002224002762688687	
CM:	We	decided	to	no	longer	differentiate	central	and	surface	waters	but	instead	combine	the	two	
into	one	category	termed	 ‘upper	waters’,	which	can	be	clearly	separated	 from	 intermediate	and	
deep	waters	by	the	chosen	density	criteria	within	the	whole	area	of	interest.	The	table,	as	well	as	
Figures	7,8,10	and	11	and	corresponding	figure	captions	have	been	adjusted	accordingly	and	the	
respective	parts	in	the	results	section	have	been	re-written.	

	
§ P14L14-17:	This	is	an	interesting	result	and	a	very	nice	analysis.	

AR:	Thanks	
	
§ P15L32:	I	don’t	understand	this	first	sentence.	

AR:	We	agree	 that	 this	 first	 sentence	may	be	 confusing	 if	 one	assumes	 that	 the	 terms	 ‘Agulhas	
leakage’	and	‘AC	contribution	to	the	AMOC’	can	be	used	interchangeable.	However,	in	our	study,	
the	AC	contribution	to	the	AMOC	always	refers	to	the	contribution	of	waters	with	Agulhas	origin	
that	make	it	into	the	tropics	and	become	part	of	the	NBC.	Hence,	the	question	rather	is	whether	we	
can	detect	the	increase	in	Agulhas	Leakage	as	an	increased	contribution	of	Agulhas	waters	to	the	
AMOC’s	upper	limb	further	downstream	in	the	tropics.	
CM:	We	now	specified	that	we	are	referring	to	the	AMOC	contribution	in	the	tropics	in	this	particular	
sentence	as	well	as	elsewhere	in	the	manuscript:	
p.16,	 ll.30-31:	 “The	 increase	 in	 the	 AC	 contribution	 to	 the	 AMOC’s	 upper	 limb	 in	 the	 tropics	 is,	
however,	not	directly	proportional	to	the	increase	in	Agulhas	Leakage,	but	weaker	(1.9	Sv	compared	
to	6.2	Sv,	respectively).”	

	
§ P16L14:	The	wording	of	this	sentence	could	do	with	some	revision.	

CM:	We	split	the	sentence	into	two:	
p.17,	 ll.11-14:	 “To	 do	 so,	 we	 performed	 Lagrangian	 analyzes	 using	 5-day	 mean	 output	 from	 a	
hindcast	experiment	(1958–2009)	with	the	high-resolution	(1/20°)	ocean	general	circulation	model	
INALT20.	 We	 employed	 the	 Lagrangian	 tool	 ARIANE	 to	 calculate	 O(10^6)	 advective	 volume	
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transport	trajectories	as	well	as	along-track	thermohaline	property	changes	between	the	two	source	
regions	and	the	North	Brazil	Current	(NBC),	which	channels	the	upper	limb	flow	in	the	tropics.”	

	
§ P16L27:	Here	and	elsewhere,	"evoked"	should	be	something	more	like	’induced’	

CM:	We	exchanged	‘evoked’	by	induced’	within	the	whole	manuscript	
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Abstract. The northward flow of the upper limb of the Atlantic Meridional Overturning Circulation (AMOC) is fed by waters

entering the South Atlantic from the Indian Ocean mainly via the Agulhas Current (AC) system and by waters entering from the

Pacific through Drake Passage (DP), commonly referred to as the ‘warm’ and ‘cold’ water routes, respectively. However, there

is no final consensus on the relative importance of these two routes for the upper limb’
:
’s volume transport and thermohaline

properties. In this study we revisited the AC and DP contributions by performing Lagrangian analyzes between the two source5

regions and the North Brazil Current (NBC) at 6◦S in a realistically forced high-resolution (1/20°) ocean model.

Our results agree with the prevailing conception that the AC contribution is the major source for the upper limb transport

of the AMOC
:
in
:::

the
:::::::

tropical
:::::
South

:::::::
Atlantic. However, they also suggest a non-negligible DP contribution of at least

::::::
around

40 %, which is substantially higher than estimates from previous Lagrangian studies with coarser resolution models, but now

better matches estimates from Lagrangian observations. Moreover, idealized analyzes of decadal changes in the DP and AC10

contributions indicate that the ongoing increase in Agulhas leakage indeed may have evoked
:::::::
induced an increase in the AC

contribution to the upper limb of the AMOC
:
in

:::
the

::::::
tropics

:
while the DP contribution decreased. In terms of thermohaline

properties, our study highlights that the AC and DP contributions cannot be unambiguously distinguished by their temperature,

as the commonly adopted terminology may imply, but rather by their salinity when entering the South Atlantic. During their

transit towards the NBC the bulk of DP waters experiences a net density loss through a net warming, whereas the bulk of15

AC waters experiences a slight net density gain through a net increase in salinity. Notably, these density changes are nearly

completely captured by those Lagrangian particle trajectories that reach the surface mixed layer at least once during their

transit, which amount to 66 % and 49 % for DP and AC waters, respectively. This implies that more than half of the water

masses supplying the upper limb of the AMOC are actually formed within the South Atlantic, and do not get their characteristic

properties in the Pacific and Indian Oceans.20
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1 Introduction

Within the framework of the global overturning circulation, the South Atlantic is depicted as a conduit, exporting cold dense

waters produced in the North Atlantic into the Indian and Pacific basins, and enabling the return flow of warmer lighter waters

back into the North Atlantic which in turn feed the deep water formation (Broecker, 1991; Richardson, 2008). The resulting net

equatorward heat transport within the South Atlantic and thus northward heat transport across the whole Atlantic (cf. Kelly et al.,5

2014) is unique among all ocean basins and has been long recognized for its importance in modulating European (e.g., Palter,

2015; Moffa-Sánchez and Hall, 2017) as well as global (e.g., Srokosz et al., 2012; Buckley and Marshall, 2016; Lynch-Stieglitz,

2017) climate.

Even though variability in the overall overturning strength and associated heat transport have been

mostly related to variability in deep water formation (e.g., Biastoch et al., 2008a; Yeager and Danaba-10

soglu, 2014), the involved convection process is highly sensitive to the local stratification and thus has been

suggested to be
:
is

:
additionally impacted by the thermohaline properties of the northward upper layer return

flow (Haarsma et al., 2011; Garzoli and Matano, 2011; Cimatoribus et al., 2012; Garzoli et al., 2013) .The northward

upper layer return flow, that is, the upper limb of the
::::::
Atlantic

::
meridional overturning circulation in the Atlantic

(AMOC),
:::::::
(AMOC)

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Haarsma et al., 2011; Garzoli and Matano, 2011; Cimatoribus et al., 2012; Garzoli et al., 2013)

:::
.15

::
In

:::::::::
particular,

::
it
::::

has
:::::

been
:::::::::

suggested
:::::

that
::
a
::::

net
:::::::::
southward

::::::::::
freshwater

::::::::
transport

:::::::
related

:::
to

:::
the

::::::::::
northward

:::::::::
advection

::
of

::::::::
relatively

:::::
high

::::::
saline

::::::
waters

:::::
along

::::
the

::::::::
AMOC’s

::::::
upper

:::::
limb

::
in

::::
the

:::::
South

::::::::
Atlantic

:::::::::
introduces

::
a
:::::::

positive
:::::::::

feedback

::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Stommel, 1961; Rahmstorf, 1996; Drijfhout et al., 2011)

::
:
:
a
::::::::::

weakening
:::::::::::::
(strengthening)

::
of

:::
the

::::::::::
meridional

::::::::::
overturning

:::::::::
circulation

::
in

:::
the

:::::::
Atlantic

:::::::::
(AMOC)

::::::
results

::
in

:::::::
reduced

::::::::::
(enhanced)

:::::::::
northward

::::
salt

:::::::
transport

::::
and

::::::::::::
corresponding

::::::::::
freshening

::::::::::::
(salinification)

::
of

:::
the

:::::
North

::::::::
Atlantic,

:::
and

::::::
further

::::::::::
weakening

::::::::::::
(strengthening)

:::
of

:::
the

::::::::::
overturning.

::::
This

::::::::::::
salt-advection

::::::::
feedback20

:::::::::
constitutes

:::
the

::::
basis

:::
for

::::
the

:::::
theory

:::
of

:::::
rapid

::::::
climate

:::::
shifts

:::::::::
associated

::::
with

::
a
:::::::::
bi-stability

:::
of

:::
the

:::::::
AMOC

::::
with

:::::
either

::::::::
vigorous

:::::::::
overturning

:::::
(‘on’

:::::
state)

::
or

::::::::::::
weak/reversed

::::::::::
overturning

::::
(‘off’

:::::
state)

::::::::::::::::::::::::::::::::::::::
(e.g., Rahmstorf, 2002; Deshayes et al., 2013).

:

:::
The

:::::
upper

::::
limb

:::
of

:::
the

::::::
AMOC

:
is mainly supplied by waters entering the South Atlantic south of America through Drake

Passage (Pacific-Atlantic route) and south of Africa via the Agulhas Current System (Indo-Atlantic route). The Pacific-Atlantic

route is characterized by cold and fresh waters (Rintoul, 1991) flowing from the Antarctic Circumpolar Current (ACC) directly25

into the South Atlantic subtropical gyre without any intermediate recirculation in other basins. Within the literature it has been

also referred to as the direct ‘cold water route’ (Speich et al., 2001). The Indo-Atlantic route injects comparatively warm and

salty waters into the South Atlantic (Gordon, 1986; Richardson, 2007) in form of large anticyclonic eddies (Agulhas rings),

smaller cyclonic eddies, and filaments shed at the retroflection of the Agulhas Current, comprehensively termed Agulhas leakage

(de Ruijter et al., 1999; Lutjeharms, 2006). It has been commonly referred to as the ‘warm-water route’ (Gordon, 1986; Speich30

et al., 2001).

Due to their remarkably different water properties the ratio of the inflow through the Pacific-Atlantic and Indo-Atlantic

routes impacts the thermohaline characteristics of South Atlantic water masses— yet, ,
::::
and

::::
may

::::
alter

:::
the

::::::
strength

::::
and

:::::::
stability

::
of

:::
the

::::::
AMOC

:::::::::::::::::::::
(e.g., Weijer et al., 2001).

::::
Yet,

:
there is no final consensus on the relative importance

:::::::::::
contributions of the two
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routes for
:
to

:
the thermohaline properties and northward transport of the upper limb of the AMOC (Garzoli and Matano,

2011; Dong et al., 2011). Gordon (1986) postulated the Indo-Atlantic route to be the major source for the upper limb of the

AMOC (warm water route hypothesis), while Rintoul (1991) found only a minor importance of the Indo-Atlantic route and

suggested the Pacific-Atlantic route to be the dominant one (cold water route hypothesis). Since then, both hypotheses have been

controversially discussed. For instance, Schmitz (1995), Macdonald (1998), and Sloyan and Rintoul (2001) supported the cold5

water route hypothesis, whereas Speich et al. (2001, 2007), Holfort and Siedler (2001), Donners and Drijfhout (2004), Rodrigues

et al. (2010), and Dong et al. (2011)
:::::::::::::::
Dong et al. (2011),

::::
and

:::::::::::::::::::
Cessi and Jones (2017) favored the warm water route hypothesis.

Moreover, Speich et al. (2001, 2002, 2007) suggested

:::
The

::::::::::
conflicting

:::::
views

:::
on

:::
the

:::::::
relative

::::::::::
importance

::
of

:::
the

::::::::::::
Indo-Atlantic

::::
and

:::::::::::::
Pacific-Atlantic

::::::
routes

:::
for

:::
the

::::::::::::
thermohaline

::::::::
properties

::::
and

:::::::::
northward

::::::::
transport

::
of

:::
the

::::::
upper

::::
limb

::
of

::::
the

::::::
AMOC

:::::
have

:::::
been

:::::::
partially

::::::::
attributed

:::
to

:::::::::
conceptual

:::::
(such

:::
as10

:::::::
diverting

:::::::::
definitions

:::
of

:::
the

::::
cold

::::
and

:::::
warm

:::::
water

::::::
routes)

::::
and

:::::::::::::
methodological

:::::::::
differences

:::::
(such

:::
as

:::
the

:::::
usage

:::
of

:::::::
Eulerian

:::
vs.

:::::::::
Lagrangian

::::::::::
approaches

::
to

:::::::
estimate

:::
the

:::::::::
interbasin

::::::::::::::::::::::::::::::::::::
exchanges).Speich et al. (2001, 2002, 2007)

:::::::::
emphasized

:
that the warm and

cold water route debate is more complex than previously stated due to the impact of the southern hemisphere ‘supergyre’

spanning all three basins. They show that the warm water route, which was traditionally assumed to consist of Indian Ocean

waters originating from the Indonesian Throughflow (Gordon, 1986; Le Bars et al., 2013), also contains waters entering the15

Indian Ocean through Tasman leakage south of Australia (Speich et al., 2001, 2002), and waters originating indirectly from

Drake Passage through a connection via the Antarctic Circumpolar Current (ACC) and subsequent circulation in the Indian

Ocean part of the supergyre (note that some studies also referred to the indirect Drake Passage contribution as the ‘indirect

cold water route’). The relative volumetric contributions of the different sources to the Indo-Atlantic route, as well as their

pathways through the Indian Oceans and associated along-track property modifications have been recently comprehensively20

discussed in Durgadoo et al. (2017). The conflicting views on the relative importance of the Indo-Atlantic and Pacific-Atlantic

routes for the thermohaline properties and northward transport of the upper limb of the AMOC have been partially attributed

to conceptual (such as diverting definitions of the cold and warm water routes) and methodological differences (such as the

usage of Eulerian vs. Lagrangian approaches to estimate the interbasin exchanges). Most importantly,
::::::::
Moreover,

:
Donners

and Drijfhout (2004) refuted the majority of studies in support of the cold water hypothesis by arguing that their common25

choice of using inverse box model calculations based on distinct hydrographic sections is generally not suited to estimate

the highly variable and intermittent interbasin exchange South
::::
south

:
of Africa via Agulhas Leakage. Since then, Lagrangian

(model) analyzes have become the preferential tool to estimate Agulhas leakage (e.g., Richardson, 2007; Biastoch et al.,

2008c; van Sebille et al., 2010; Durgadoo et al., 2013), and the warm water route hypothesis has been prevailing.
::::::::
Recently,

:
it
:::
got

::::::
further

:::::::::
theoretical

:::::::
support

::
by

::::::::::::::::::::
Cessi and Jones (2017),

::::
who

::::::
studied

:::
the

::::::
upper

::::
limb

::
of

:::
the

:::::::
AMOC

::
in

::
an

::::::::
idealized

::::::
model30

:::::::::::
configuration

::::
with

::::::::
simplified

::::::::::
atmospheric

:::::::
forcing

:::
and

::::::::
geometry

::::
(one

::::
wide

::::
and

:::
one

::::::
narrow

:::::
basin,

:::::::::::
representing

:::
the

::::::::::
Indo-Pacific

:::
and

:::::::
Atlantic

:::::::
Oceans,

::::::::
separated

:::
by

:
a
:::::

long
:::
and

::
a

::::
short

:::::::::
continent,

::::::::::
representing

::::::::
America

:::
and

:::::::::::::
Eurasia/Africa,

::::
and

:::::::::
connected

::
in

::
the

::::::
South

::::::
through

::
a
:::::::
reentrant

::::::::
channel,

::::::::::
representing

:::
the

::::::
ACC).

:::::
They

::::::
showed

::::
that

:::
the

::::::
latitude

::
of

::::
zero

:::::::
Ekman

:::::::
pumping

:::::::
relative

::
to

:::
the

:::::::
southern

:::::
extent

:::
of

:::
the

::::
short

::::::::
continent

::::::::::
determines

:::
the

::::
route

:::
of

:::
the

:::::
upper

:::::
limb’s

:::::::::
interbasin

:::::::::
exchange,

:::
and

::::
that

:::::
under

:::
the
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::::::
current

:::::::::::
geographical

:::::::
settings,

:::::
which

:::::
allow

:::
for

:
a
::::::::
southern

:::::::::
hemisphere

:::::::::
supergyre,

:::
the

::::::::
exchange

::::::
occurs

::::::::::
exclusively

:::::
south

::
of

:::
the35

::::
short

:::::::::
continent,

::::
that

::
is,

:::
via

:::
the

:::::
warm

:::::
water

:::::
route.

Still, the studies supporting it were mostly
:::
the

:::::
warm

:::::
water

:::::
route

:::::::::
hypothesis

::::::
remain

::::::::::::
inconclusive.

:::
On

:::
the

:::
one

::::::
hand,

:::
the

:::::::
idealized

::::::
model

:::::::::::
configuration

::
of

:::::::::::::::::::
Cessi and Jones (2017)

::::
leads

::
to

::
an

::::::::
artificial

::::::::
separation

::
of

:::::
warm

:::
and

::::
cold

:::::
water

:::::
route

::::::::
scenarios,

:::::::
whereby

:::::::
realistic

:::::
wind

:::::
stress

::::::
forcing

::::
and

::::::::
geometry

::::::
indeed

:::::
may

:::::
allow

:::
for

:::::
mixed

:::::::::
exchange

:::::
routes

:::
as

:::::
stated

:::
by

:::
the

:::::::
authors

:::::::::
themselves.

:::
On

:::
the

:::::
other

:::::
hand,

::::::::::::::::::::
Cessi and Jones (2017)

:::
and

::::
most

:::::
other

::::::
studies

::
in

:::::::
support

::
of

:::
the

:::::
warm

:::::
water

:::::
route

:::::::::
hypothesis5

::::
were based on the evaluation of relatively coarse resolution non-eddying or eddy-permitting ocean model simulations (Speich

et al., 2001; Donners and Drijfhout, 2004; Speich et al., 2007), and various studies (e.g., Biastoch et al., 2008c; Durgadoo

et al., 2013) have demonstrated that the obtained estimates for the interocean exchange south of Africa are highly resolution

dependent. They specifically pointed out that coarser
:::::
coarse non-eddying ocean models overestimate the strength of Agulhas

leakage, thus necessitating .
:::::
Thus,

:::::
there

::
is

::
the

:::::
need

:::
for a confirmation or revision of the warm water route hypothesis by means10

of Lagrangian analysis with higher resolution eddy-rich flow fields
::::
from

::::::
ocean

:::::
model

::::::::::
simulations

::::
with

:::::::
realistic

::::::
forcing

::::
and

::::::::
geometry.

Moreover
::::::::::
Furthermore, despite a general agreement that the knowledge on the characteristic thermohaline properties of the

waters supplying the upper limb of the AMOC and their potential modification during their transit through the South Atlantic

is of fundamental importance — ,
:
including the individual roles played by surface, central,

:::::
upper and intermediate waters —15

:
, respective thorough analyzes within the Lagrangian framework have been scarce (Speich et al., 2001, 2007; Rimaud et al.,

2012).

Finally, over the last decades, research on (potential) changes in the Agulhas region have become prominent, since (i) it has

been shown that changes in the Agulhas region have the potential to influence the strength of the AMOC through different

processes on various timescales (Weijer et al., 2002; Knorr and Lohmann, 2003; Biastoch et al., 2008b; Beal et al., 2011);20

and (ii) simulations with ocean and coupled ocean-atmosphere models indicate a strengthening of Agulhas leakage since the

1960s (Biastoch et al., 2009; Cheng, 2018). A conclusive observational corroboration of this long-term increase, however,

is still lacking (Backeberg et al., 2012; Le Bars et al., 2014), which may be due to decadal leakage variability related to the

Southern Annular Mode (Biastoch et al., 2009) that tend to mask its long-term trend. The increase in Agulhas leakage has been

attributed to an increase in the Southern Hemisphere westerlies (Durgadoo et al., 2013; Biastoch et al., 2015) and is expected to25

continue under global warming conditions (Biastoch and Böning, 2013). A potential related increase of salt input into the South

Atlantic and its northward advection could oppose the anticipated weakening of the AMOC due to increasing freshwater input in

the North Atlantic (Beal et al., 2011). These notional causalities motivated several Lagrangian studies on the pathways and

associated advective timescales of Agulhas waters into the North Atlantic (van Sebille et al., 2011; Rühs et al., 2013). However,

none of these studies directly investigated potential changes of the advective pathways, thermohaline properties and transports30

of the upper limb of the AMOC associated with changes in Agulhas Leakage, or tried to also relate those to changes in the

Pacific-Atlantic contribution.

In this study we address the gaps outlined above and revisit the relative importance of the Indo-Atlantic and Pacific-Atlantic

routes for the AMOCs upper limb volume transport and water mass characteristics by means of Lagrangian connectivity analyzes
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between the North Brazil Current (NBC) at 6◦S and the two source regions in a realistic set-up of a high-resolution (1/20◦)35

ocean model. In addition, for the first time, idealized analyzes of decadal changes in the individual contributions are presented.

The NBC is chosen as reference region, since it merges all upper and intermediate northward flow of the tropical South Atlantic

and thus channels the upper limb of the AMOC in the tropics. It has been further shown that its transport variability captures

decadal AMOC changes and may be used as an index for the AMOC strength (Rühs et al., 2015). Thus, choosing the NBC as

reference region also allows for the investigation of potential decadal changes in the ratio of the two contributions.5

2 Materials and methods

The bases for this study are offline Lagrangian analyzes of simulated three-dimensional time-varying eddy-rich velocity fields.

The underlying model simulation and its performance are described in Sect. 2.1, whereas in Sect. 2.2 the Lagrangian experiment

set-up is specified.

2.1 Hindcast simulation with eddy–rich ocean model configuration INALT2010

The analyzed model output stems from a hindcast experiment (1958–2009) performed with the global nested eddy-permitting

to eddy-rich ocean/sea-ice model configuration INALT20 (?)
:::::::::::::::::::::::::::::
(Schwarzkopf et al., in review, 2019), which is a successor of the

well-established INALT01 (Durgadoo et al., 2013) with higher resolution and a southward extended nest.

INALT20 was developed within the DRAKKAR framework (Barnier et al., 2014) and consists of an ocean model formulated

with the Nucleus for European Modelling of the Ocean (NEMO, version 3.6, Madec and NEMO-team, 2016) coupled to the15

LIM2-VP sea-ice model (Fichefet and Maqueda, 1997). The ocean is therein described by the primitive equations, that are,

the Navier-Stokes equations along with a nonlinear equation of state, with commonly adopted approximations resulting from

scale considerations including the Boussinesq approximation that effectively reduces mass conservation to volume conservation.

It is implemented on a horizontal tripolar Arakawa C-grid (Mesinger and Arakawa, 1976), which is Mercator-type south of

20◦N. It has a global horizontal resolution of 1/4◦, but is regionally refined between 63◦S–10◦N and 70◦W–70◦E via AGRIF20

two-way nesting (Debreu and Blayo, 2008) to its nominal resolution of 1/20◦. This yields an effective resolution of 5.6–27.8

km in the global base and 2.5–5.6 km in the nest, which allows to fully resolve mesoscale processes (c.f., Hallberg, 2013). In

the vertical it is composed of 46 z-levels, with grid spacing increasing from 6 m at the surface to maximum 250 m at depth.

Bottom cells can be partially filled, thus allowing for an adjustment to a more realistic topography, which has been obtained

from the bathymetry developed by the DRAKKAR community (Barnier et al., 2006) and from interpolating ETOPO1
::::
data25

[https://sos.noaa.gov/datasets/etopo1-topography-and-bathymetry/] for the 1/4◦ and the 1/20◦ grid, repectively.

For the employed hindcast (experiment identifier KFS044) , the model was initialized with temperature and salinity fields

from the Levitus World Ocean Atlas 1998 (Levitus et al., 1998, https://www.esrl.noaa.gov/psd/); ,
:
spun up from rest for 30 years;

:
, and subsequently run with forcing from the interannually varying atmospheric fields of the Coordinated Ocean-Ice Reference

Experiments data set version 2 (CORE; Large and Yeager, 2009; Griffies et al., 2009) for the period 1958–2009. Turbulent30

air-sea fluxes were calculated during the model integration through bulk formula using the prescribed atmospheric state, as well
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as the simulated sea surface temperatures and relative winds. Lateral boundary conditions were set to free slip in the base model

and no slip in the nest. The momentum equations were discretized using the energy and enstrophy conserving (EEN; Arakawa

and Hsu, 1990) advection scheme with Hollingsworth correction (Hollingsworth et al., 1983; Bell et al., 2017) and a bi-Laplacian

lateral diffusion operator. The evolution of tracers was simulated using the total variance dissipation (TVD; Zalesak, 1979)

advection scheme and a Laplacian isoneutral diffusion operator. Viscosity and diffusivity coefficients vary horizontally according

to the local grid size and are specified via their maximum values Ahm0 and Aht0, set to −6× 109 (−1.5× 10−11
::::::::::
−1.5× 1011)5

m4s−1 and 60 (300) m2s−1 in the nest (base), respectively. Vertical sub-grid scale physics have been parameterized using a

turbulent kinetic energy (TKE; Gaspar et al., 1990; Madec et al., 1998) dependent closure scheme.
:::
For

::::
more

::::::
details

:::
on

:::
the

::::::::::
experimental

::::::
set-up

:::
and

::
a

::::::
general

:::::
model

:::::::::
validation

:::::
please

:::::
refer

::
to

:::::::::::::::::::::::::::::
Schwarzkopf et al. (in review, 2019)

:
.

In this study we used the simulated 5-day mean velocity and tracer fields from the nested domain, which show a realistic

representation of the mean flow pattern and mesoscale eddy activity in the South Atlantic and adjacent Southern Ocean sector10

(Fig. 1). Most importantly for this study, they adequately represent the major current systems providing the Pacific-Atlantic and

Indo-Atlantic inflow of upper limb waters, that are, the ACC and Agulhas Current systems. The mean (2000-2009) transport

of the ACC through Drake Passage amounts to 116.2 ± 7.5 Sv (1 Sv := 106 m3s−1, uncertainties are given in terms of one

standard deviation). This value is not too far from the ACC transport of 134 ± 11.2 Sv reported by Cunningham et al. (2003),

given that they estimated the error of this average transport to be between 15 and 27 Sv. Notably, the model features a distinct15

South Atlantic Current (SAC) north of the ACC and captures the anticyclonic circulation of the Zapiola Gyre (Fig. 1a), while

coarser resolution models generally failed to separate the SAC from the ACC and did not resolve the Zapiola Anticyclone (cf.

Stramma and England, 1999). In an accompanying study ?
::::::::::::::::::::::::::::::
Schwarzkopf et al. (in review, 2019) show that the total simulated

Agulhas Current transport compares reasonably well with available observational estimates from the ACE (at 32◦S, Bryden

et al., 2005) and ACT (at 34◦S, Beal et al., 2015) arrays. Moreover, the simulated standard deviation of sea surface height20

(σSSH ), which is a measure of surface geostrophic eddy variability, agrees well with the observed pattern and magnitude of

σSSH derived from the Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) data product (Fig. 1b-c). In

particular, it features the characteristic pattern of high σSSH at the Brazil-Malvinas-Confluence zone, as well as in the extended

Agulhas Current system.

Within the simulated 5-day mean velocity fields, also the strength and variability of NBC and AMOC are well represented.25

Figure 2a shows a meridional velocity section at 6◦S as well as the derived timeseries of the simulated NBC transport, obtained

from the integration of the northward velocities between 0–1200 m depth and from the coast to 33.5◦W (cf. Hummels et al.,

2015; Rühs et al., 2015, and references therein for a justification of the adopted NBC definition). One can identify the northward

directed NBC with a subsurface maximum, its southward recirculation to the east, and the southward flowing Deep Western

Boundary Current underneath. The mean (2000–2009) NBC transport of 25.5 ± 5.0 Sv falls well into the observed range of 26.530

± 3.7 Sv reported by Schott et al. (2005) based on repeated shipboard sections at 6◦S (nine section ensemble with individual

measurements between 1990 and 2004). The simulated mean (2000–2009) AMOC strength, defined at each latitude as the

maximum of the meridional overturning streamfunction, yields 14.8 ± 6.3 Sv at 6◦S. Unfortunately, the lack of observational

AMOC estimates hamper a model verifications at this latitude. Yet, first results of the SAMBA array (Meinen et al., 2013) allow
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for some useful quantitative assessments at 34.5◦S. Here, the simulated mean (2000–2009) AMOC transport of 13.6 ± 5.035

Sv fits well to the recently published observational estimates of 14.7 ± 8.3 Sv (Meinen et al., 2018, based on daily data over

the 2009–2017 period, with a ∼ 3 year gap from Dec. 2010 to Sep. 2013). The decadal variability of NBC and AMOC (Fig.

2c) at 6◦S features the characteristics already presented in Rühs et al. (2015): the NBC and AMOC transports vary roughly in

phase with overall decreasing transports in the 1960s and 1970s, and a recovering in the 1980s and the early 1990s, whereby the

decadal NBC variability is more than twice as large in magnitude. This suggests that the conclusions of Rühs et al. (2015) also5

hold for this model simulation, i.e., that the basin-scale decadal variability of the AMOC is indeed captured in the NBC, but is

additionally superimposed (and thus masked) by wind-driven gyre-variability.

2.2 Offline Lagrangian analysis of AMOC upper limb pathways with ARIANE

We used the ARIANE tool (version 2.2.6, www.univ-brest.fr/lpo/ariane, Blanke and Raynaud, 1997; Blanke et al., 1999) to

perform three sets of offline Lagrangian experiments, one reference set (hereafter REF), and two sensitivity sets corresponding10

to a weak and a strong phase of Agulhas leakage (hereafter lowAL and highAL).

ARIANE is a freely available FORTRAN software that infers Lagrangian particle trajectories from simulated three-dimensional

volume-conserving velocity fields saved on a C-grid by
:::::
offline

:
advecting virtual fluid particles along analytically computed

streamlines.
:::
No

:::::::::
additional

:::::::
sub-grid

::::
scale

::::::::::
Lagrangian

::::::::
diffusion

:::::::::::::
parametrization

::::
was

::::::::::::
implemented. The obtained trajectories

thus represent volume transport pathways, which may experience along-track tracer and density changes
:::
that

:::
are

::::::::
reflecting

:::
the15

:::::::
sub-grid

::::
scale

::::::::::::::
parametrizations

::
of

:::
the

::::::::::
underlying

:::::::
OGCM,

::::::::
including

:::::::
vertical

:::::
tracer

::::::
mixing

::
in

:::
the

::::::
mixed

::::
layer. For a detailed

discussion of this concept please refer to van Sebille et al. (2018).

For REF we released virtual fluid particles every 5 days for the years 2000–2009 over the full depth of the northward flowing

NBC (0–1200 m depth, coast to 33.5◦W) at 6◦S, yielding a set of 10 one-year release experiments with a total of O(106)

particles. The number of particles seeded at each time step was proportional to the current NBC transport. Following Blanke20

et al. (1999) each particle was tacked with a partial volume transport (max. 0.01 Sv), so that the cumulative transport of all

particles released at each time step reflects the current total NBC transport. Subsequently, the particles were advected backwards

in time until the point where they entered the study domain through one of the predefined source sections displayed in Fig.

3, but at maximum for 40 years. During the trajectory integration the potential temperature and salinity fields were linearly

interpolated onto the particle positions.25

For the Lagrangian sensitivity experiments we followed the same procedure as for REF, but used only velocity fields from

preselected periods of weak (1960–1969) and strong (2000–2009) Agulhas leakage (based on the Agulhas leakage transport

timeseries inferred from a complementary set of offline Lagrangian experiments following Durgadoo et al. (2013), cf. Appendix

A). That is, we released particles in the NBC at 6◦S for years 1960–1969 (lowAL) and 2000–2009 (highAL), respectively, and

then traced them backwards towards the predefined source sections by looping through the velocity data of each period for at30

maximum 40 years (instead of making use of the whole simulation period 1958–2009). Even though this looping technique

has already been employed by various authors (e.g., Döös et al., 2008; Rühs et al., 2013; Thomas et al., 2015; Berglund et al.,

2017; Drake et al., 2018), the obtained results have to be interpreted with caution. Looping may introduce unphysical jumps in
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the velocity and tracer fields and, consequently, also in the volume transport pathways and along-track tracer changes. Döös

et al. (2008), and Thomas et al. (2015) showed that the errors in the pathways introduced by looping can be negligible if a

sufficiently high number of virtual fluid particles is considered and the (model) drift in the velocity fields is not too large. We are

accounting for that by continuously seeding particles over 10 years and looping over a period of only 10 years. However, the

analysis of along-track thermohaline property modifications makes little sense for timescales exceeding the period of available

data. Therefore, in this study, we employ the looping technique only for estimating sensitivities of the derived volumetric5

connectivity measures to different idealized states of the South Atlantic circulaton pattern, but not for assessing along-track

property modifications.

To quantitatively evaluate the major pathways of the large set of individual trajectories we followed Blanke et al. (1999) and

calculated Lagrangian transport streamfunctions (Fig. 3a). These represent time-integrated mean volume transport pathways de-

rived from all trajectories entering and leaving the domain — particles still in domain were not considered (including them would10

have violated the constraint of volume conservation). Negative and positive values represent anticyclonic and cyclonic circulation

pattern, respectively. A bundling of streamlines highlights most prominent pathways, closed streamlines indicate recirculation

pattern.
::
To

::::::::
visualize

:::
the

::::::::::
distribution

::
of

:::
AC

::
or

:::
DP

::::::
waters

:::::
along

::::::
distinct

:::::::
sections

:::
we

:::::::
inferred

::::::
binned

:::::::::::::::
transport-weighted

:::::::
particle

:::::::::
frequencies

:::
by

:::::::
dividing

:::
the

:::::::::
cumulative

::::::::
transport

::
of

:::::::
particles

:::::::::
occupying

::
a

::::::
certain

:::
bin

::
by

:::
the

:::::::::
cumulative

::::::::
transport

::
of

:::
the

::::::
whole

::
set

::
of

::::::::
particles.

:::::::::::::::::
Transport-weighted

::::::
particle

:::::::::::
distributions

:::
are

::::::::
preferred

::::
over

::::::
simple

::::::
particle

:::::::::
frequency

::::::::::
distributions

:::::
since

::::
they15

:::
take

::::
into

:::::::
account

:::
that

::::
each

:::::::
particle

:::
can

::
be

:::::::::
associated

::::
with

::
a

::::::
slightly

:::::::
different

:::::::::
transport.

Note that even though trajectory integrations were performed backwards in time to identify the sources for the upper limb of

the AMOC, in the following the resulting Lagrangian connectivity measures will be described in the more intuitive forward

sense, that is, in flow direction.

3 Results and discussion20

This section starts with a thorough assessment of the Lagrangian trajectory set REF — representing the mean upper limb AMOC

connectivity between the Indian/Pacific Oceans and the NBC over the last decades — in terms of a volumetric decomposition

(Sect. 3.1), transit times (Sect. 3.2), volume transport pathways (Sect. 3.3), and along-track thermohaline property modifications

(Sect. 3.4). It closes with a short discussion of potential decadal changes in the derived connectivity measures associated with an

increase in Agulhas leakage by a joint evaluation of the two trajectory sets lowAL and highAL (Sect. 3.5).25

3.1 Volumetric decomposition of NBC and AMOC upper limb transport at 6◦S

From the Eulerian mean (2000–2009) NBC transport of 25.5 Sv, 2.4 Sv were identified as meanders within the framework

of the Lagrangian analysis. Meanders consists of those particle trajectories that enter and leave the NBC section within one

Lagrangian integration time-step of 5 days. Subtracting the meander associated transport yielded a new corrected Lagrangian

mean (2000–2009) NBC transport estimate of 23.1 Sv (cf. Fig. 2b), from which 8.7 Sv (38 %) stem from the Equatorial Atlantic30

(EQ), 6.3 Sv (27 %) from the Agulhas Current (AC), and 4.7 Sv (20 %) from Drake Passage (DP) (Fig. 3b). Other inflow sections
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from the Indian Ocean (nIO and eIO) constitute only a minor source of 0.8 Sv. On average 2.6 Sv could not be unequivocally

attributed to one of the predefined sources, since the associated particles did not leave the study domain within the 40 years of

integration (see discussion below).

If one examines the individual Lagrangian experiments of REF with 10 different release years, one detects a large interannual

variability of the total NBC transport as well as in the individual volumetric contributions of the different sources, which

necessitates the adopted strategy of multiple Lagrangian experiments with different release periods (Fig. 3c). Most interannual5

volume transport variability in the NBC is related to variability in the EQ contribution, whereas interannual variability in the

AC and DP contributions are less pronounced. Even though the order of the individual sources according to their total volume

transport contribution does remain constant in all experiments and the EQ contribution is always the largest, the relative EQ

contribution indeed varies between 31 % and 43 %. Interestingly, the relative AC contribution nearly constantly increases from

25 % in 2000 to 29 % in 2009 (not shown). This increase in the AC contribution could be regarded as an indication that the10

increase of Agulhas leakage is indeed projected onto the NBC and upper limb of the AMOC in the tropical Atlantic. However,

the here discussed Lagrangian analyzes are not sufficient to unequivocally determine a link between Agulhas leakage strength

and the AC contribution to the NBC transport. In principle, a larger Agulhas contribution could stem from a preceded increase in

Agulhas leakage and/or from a higher percentage of Agulhas leakage waters reaching the NBC due to changes in the subtropical

gyre circulation — even if Agulhas leakage itself stays constant or decreases (cf. Tim et al., 2018). In Sect. 3.5, we discuss the15

possible impact of an ongoing increase in Agulhas leakage on the NBC and upper limb of the AMOC in more detail by making

use of lowAL and highAL.

Some uncertainty in our analysis arises from the fact that on average 2.6 Sv of NBC waters could not be sampled at one of the

source sections after 40 years of trajectory integration since the corresponding particles remained inside the predefined domain.

At the end of the integration period most of these particles could be located within the interior of the tropical and subtropical20

gyres (not shown), indicating that (multiple) recirculations prevented them from leaving through one of the source sections.

To obtain a first estimate of where these waters may stem from, we extended the integration period for the respective particles

to 80 years by cycling through the available velocity data for the period 1958–2009 (similar procedure as for the Lagrangian

sensitivity experiments lowAL and highAL described in Sect. 2.2, but by making use of the whole velocity data set instead of

restricted time periods). In the additional 40 years of integration, out of the 2.6 Sv, 0.8 Sv could be sampled at the DP, 0.4 Sv25

each at the AC and EQ, and 0.1 Sv at the IO sections, 0.8 Sv still did not reach any section. This suggests that our analysis of the

REF experiments with 40 years integration most likely slightly underestimates the AC, EQ, and in particular the DP contribution

(further support for this assumption follows below in Sect. 3.2).

Of particular interest for this study are those sources contributing to the northward flow of the upper limb of the AMOC,

which are the AC, DP, and IO contributions that amount to 11.8 Sv when averaged over all Lagrangian experiments in REF. The30

EQ contribution is not considered part of the net northward upper limb flow at 6◦S, since the southward inflow happens across

the same zonal section and in the same depth range as the northward NBC outflow. We attribute this contribution to the more

local tropical circulation, acknowledging that the NBC is not only part of the basin-scale AMOC but also of the wind-driven

horizontal gyre circulation and the shallow overturning of subtropical-tropical cells (Rühs et al., 2015). Adding the 1.3 Sv
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that according to the extended experiments with 80 years of integration most likely also stem from AC, DP, and IO, yields an35

estimate for the Lagrangian mean upper limb transport at 6◦S of 13.1 Sv. This number compares well with the simulated mean

(2000–2009) Eulerian AMOC strength at 6◦S of 14.8 ± 6.3 Sv, which gives us confidence in the validity of our Lagrangian

decomposition of the AMOC’s upper limb with the NBC at 6◦S as a reference point. The remaining discrepancy between the

Lagrangian and Eulerian estimate of the AMOC strength can be attributed to (i) particles that did not cross any sampling section

but remained in the domain even after 80 years integration, in total amounting to 0.8 Sv, (ii) a minor upper limb contribution5

flowing northward in the interior tropical Atlantic (additional Lagrangian experiments backwards in time from the EQ instead

of the NBC section yield quantitative estimates for that contribution of 1.0 and 1.2 Sv after 40 and 80 years of integration,

respectively), and (iii) differences in Lagrangian and Eulerian averaging.

Our results — with and without the second integration cycle — seem to generally agree with the prevailing conception that

the warm water route is the major source for the return flow. The respective AC and minor IO contribution to the AMOC’s upper10

limb transport at 6◦S amounts to 60 % (7.1 from 11.8 Sv) in REF, and to 58 % (7.6 from 13.1 Sv) in the extended experiment.

Nonetheless, we also obtained a DP contribution of 40 % (4.7 from 11.8 Sv) and 42 % (5.5 from 13.1 Sv), respectively, which,

to our knowledge, is substantially higher than those inferred from all previous Lagrangian model studies, but now better matches

those derived from observations. For instance, with regard to Lagrangian model studies, Speich et al. (2001), Donners and

Drijfhout (2004), and Speich et al. (2007) only estimated a direct cold water route contribution of 13 % (2.3 from 17.8 Sv15

at 20◦N), 6 % (1.0 from 16.2 Sv at 0◦N), and < 6 % (< 1.0 from 17.4 Sv at 44◦N), respectively.
:::
All

::::
these

::::::
studies

:::::::::
employed

::
the

:::::
same

::::::::
analytical

:::::::::
trajectory

:::::::::
integration

:::::::
method,

::
so

:::
that

::::::::::
differences

::
in

:::
the

::::::
derived

:::::::::
volumetric

:::::::::::
contributions

:::
to

::
the

::::::
upper

::::
limb

::
of

:::
the

::::::
AMOC

:::
can

:::
be

::::::
mainly

::::::
related

::
to

:::::::::
differences

::
in

:::
the

::::::::
analyzed

::::::
OGCM

::::::
output

:::::
(even

::::::
though

:::
the

:::::::
different

::::::::
reference

:::::::
sections

::
for

:::
the

::::::::::
Lagrangian

::::::::::::
decomposition

:::
do

:::
not

:::::
allow

:::
for

:
a
:::::::
detailed

:::::::::
one-to-one

::::::::::::
comparison). A possible reason for our remarkably

different rating of the relative importance of the direct DP contribution could be the increased horizontal (and temporal)20

resolution of the underlying model data of this study compared to that of the previous ones. On the one hand, an increased

resolution leads to a way more realistic representation of the current structure in the southern South Atlantic. Despite generally

enhanced eddy-driven cross-frontal transports it allows for the separation of the SAC from the ACC as described in Sect. 2.1, and

a more detailed representation of the intricate flow pattern in the Brazil-Malvinas-Confluence zone. All these features potentially

influence the existence and strength of the direct DP contribution (cf. Sect. 3.3). On the other hand, coarser resolution models are25

likely to overestimate the AC contribution due to unrealistically high Agulhas leakage (cf. Sect. 1), thereby reducing the relative

importance of the DP contribution. It must be underlined however, that Speich et al. (2001) and Speich et al. (2007) used an

OGCM in a robust diagnostic mode. Therefore, the analyzed fields have to be interpreted rather as a dynamical interpolation of

observations than as a prognostic model output. Hence, more dedicated studies are needed to test the sensitivity of the relative DP

and AC contributions to the model resolution, as well as to the potential impact of other details in the model configuration and30

forcing. In terms of observations, estimates of corresponding mean absolute transports were not available until Rodrigues et al.

(2010) addressed this issue. They used the hydrographic and sub-surface float data from the World Ocean Circulation Eperiment

(WOCE) to estimate total transports for key regions in the South Atlantic, yielding a cold-water
:::
cold

:::::
water

:
contribution of 36 %

(4.7 from 13.2 Sv at 32◦S). Hence, these observation-based estimates support the findings of our new model-based analysis.
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Due to the reasoning outlined in Sect. 2.2, for the rest of this study results are based on the REF experiments without cycling

of the velocity fields (except for Sect. 3.5, where lowAL and highAL are analyzed). Since the majority of DP and AC particles

do reach the NBC within the REF integration period of 40 years (cf. Sect. 3.2), we are convinced that the general scientific

interpretation will not change with increasing integration time, even though absolute numbers may do (as demonstrated above).

3.2 Transit times towards NBC at 6◦S5

The transit times of waters from the different sources to reach the NBC are crucial for understanding how these source waters

and potential changes therein are transported downstream and thus impact the mean characteristics and variability of NBC

waters and
::
as

::::
well

::
as

:
the upper limb of the AMOC.

::::
Here

::
we

:::::
infer

::::::::
advective

:::::::::
timescales

::::
from

:::
the

:::::::::
simulated

::::::
volume

::::::::
transport

:::::::::
trajectories.

:::::
Note

:::
that

:::::::::
timescales

:::::::
inferred

::::
from

:::::::::
trajectories

:::::::::
accounting

:::
for

:::
the

:::::
effect

::
of

:::::::
sub-grid

:::::
scale

:::::::
physics,

:::
e.g.,

:::::::::::
representing

:::::::::::::::
advective-diffusive

:::::
tracer

:::::::::
spreading,

:::::
could

::::
lead

::
to

::::::::
modified,

::::
e.g.,

:::::::::
broadened,

::::::
transit

::::
time

:::::::::::
distributions.10

Figure 4 shows the transport-weighted distributions of the advective transit times through the South Atlantic from the EQ, AC,

and DP sections, respectively: From the EQ section the NBC is reached by the majority of particles (> 50 %) in less than 3 years,

with 1 year being the most frequent transit time (modal value of the transit time distribution), which results from short pathways

on which changes can be relatively fast and directly transmitted. This is one reason why interannual variability in the NBC

mostly corresponds to variability of the EQ contribution, which is most probably a response to local variability in the wind15

forcing (cf. Rühs et al., 2015). From the AC and particularly DP the majority of particles (> 50 %) reach the NBC in 9 years

and 18 years, and the most frequent transit times are 7 years and 12 years, respectively, hence they need considerably more

time. Additionally to the shift to longer time scales the transit time distributions are broadening, in particular for waters with DP

origin, representing longer and more diverse connecting pathways. The interannual variability of the volumetric AC and DP

contributions thus constitute the accumulation of past changes at the source and potential additional circulation changes along20

the way. This may impede a direct imprint of variability at the DP and AC sources on the NBC.

The derived transit time distributions for the AC contribution closely match those derived by Rühs et al. (2013) based on

output from the ocean model configuration INALT01, the precursor of the here employed INALT20. As already stated in Rühs

et al. (2013), the transit times appear slightly longer than those estimated by van Sebille et al. (2011), even though a detailed

comparison is inhibited by differences in the applied methodologies and emphases of the studies.25

Our derived transit times from the DP into the equatorial Atlantic can be compared to the transit times from DP towards 20◦N

estimated by Speich et al. (2001). Most notably, Speich et al. (2001) arrived at a multi-modal distribution and interpreted peaks

at 19 years and 29 years as the representative time periods needed for DP waters to reach the North Atlantic on a relatively direct

path and with one recirculation in the South Atlantic, respectively. The 19 years for the direct path are comparable to our 12

years, if following Rühs et al. (2013) and assuming the transit from 6◦S to 20◦N to account for another ∼ 6 years. However, our30

analysis does not show a second peak. This may be due to differences in the horizontal and temporal resolution of the employed

ocean models. Our analysis is based on a high-resolution fully eddying configuration, whereas Speich et al. (2001) used a

coarse, non-eddying, one. Moreover, we used 5-day mean velocity fields of a hindcast experimentforced with interannually

varying atmospheric fields, whereas Speich et al. (2001) used monthly means from a climatological experiment. The increase
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in resolution and allowance for interannual variability most likely lead to more diverse recirculation pathways and associated

transit times, thereby disintegrating the second peak in the transit time distribution.

Further note that the shape of the transit time distribution for the DP contribution shows a less distinct modal value and

a broader tail than those for the AC and EQ distributions. This supports our assumption (cf. Sect. 3.1) that a large part of

the particles still
:::
that

::::::::
remained

:
in the domain after 40 years of integration probably could be attributed to the DP sourceand5

consequently
:
,
:::::
which reinforces the importance of the DP as a contributor to the upper limb of the AMOC.

3.3 AMOC upper limb pathways in the South Atlantic

In this section we have a closer look at the mean AMOC upper limb pathways in the South Atlantic by investigating the

connection from the two major individual sources, that are the AC and DP regions, towards the NBC. This is done by the use

of conditional Lagrangian streamfunctions, which were calculated considering only the respective subsets of trajectories and10

represent the associated net advective volume transport pathways (Fig. 5).

From the Indian Ocean the dominant volume transport pathways towards the NBC are via the narrow Agulhas Current,

Agulhas leakage — in form of Agulhas rings or within the Benguela Current — and the broad South Equatorial Current (Fig.

5a), as already described in previous studies (e.g., van Sebille et al., 2011; Rühs et al., 2013). Some recirculation may occur in

the subtropical gyre (∼ 1 Sv) and in the Agulhas basin itself (∼ 3 Sv). AC waters contributing to the NBC enter as surface and15

intermediate waters over the whole longitudinal and depth range of the Agulhas Current and later occupy the whole longitudinal

and depth range of the NBC (Fig. 6a,c).

From the Pacific, the majority of fluid particles later reaching the NBC through a relatively direct path (without a detour

through the Indian and eventually also Pacific Ocean within the Southern Hemispere supergyre) is entering the Atlantic through

the northern part of Drake Passage (∼ 3 Sv) , then follows
:::
and

::::::::
following

:
a narrow path through the Malvinas Current and the20

South Atlantic Current , before entering the South Equatorial Current over a broad longitudinal range in the eastern part of

the basin (Fig. 5b) as roughly described in Speich et al. (2001). However, as already indicated by the relatively broad transit

time distribution, there are many different pathways for DP waters towards the NBC with different side-tracks: Some particles

amounting to ∼ 1 Sv follow the ACC into the eastern part of the basin, eventually make a little detour into the Agulhas basin and

finally enter the South Equatorial Current via the Benguela Current System. ∼ 1 Sv of DP waters is recirculated in the South25

Atlantic subtropical gyre at least once before finally entering the NBC.

A comparison of the DP particle distributions at the NBC section with the local Eulerian mean cross-section velocities shows

that DP particles can be found over the whole depth range and zonal extent of the NBC roughly proportional to the local current

strength (Fig. 6d). The DP particle distribution at the source section, however, does not directly reflect the Eulerian cross-section

flow through Drake Passage (Fig. 6b). The eastward ACC transport through Drake Passage is known to occur mainly within30

two jets corresponding to the Subantarctic Front and the Polar Front (Cunningham et al., 2003; Firing et al., 2011). These two

maxima are captured in the model simulation, but only from the northern one virtual fluid particles may directly enter the

subtropical gyre and contribute to the South Atlantic branch of AMOC’s upper limb. Particles that follow the ACC south of

53◦S eastward beyond 35◦W have zero chance to enter the subtropical gyre before leaving the Atlantic sector of the Southern

12



Ocean south of Africa towards the Indian Ocean sector (at least in this model study). These imaginary borders also define the

separation between the direct and indirect cold water route, which in our study is located more eastern than reported by Speich

et al. (2001) who identified it at about 50◦S and 50◦W. This difference is most probably again related to more diverse pathways

in our higher resolution model simulation.

When comparing the Lagrangian streamfunctions and depth distributions from the AC and DP contributions, it becomes5

apparent that the dominant spreading pathways of both contributions coincide in the horizontal as well as in the vertical plane

within the subtropical gyre. However, the spreading of AC waters is concentrated in slightly more northern and shallower

branches of the SEC than the spreading of DP waters. Consequently, within the NBC, AC waters dominate in the upper 400

m and DP waters below. The coinciding pathways alreday indicate that both contributions potentially mix along their transit

through the South Atlantic and may experience thermohaline property changes.10

3.4 AMOC upper limb water properties
:::::::::::
thermohaline

::::::::
property

:
modification within the South Atlantic

Figure 7a-d visualize the mean potential temperature (θ) and salinity (S) characteristics of DP and AC waters at their respective

source and within the NBC by means of histograms of Lagrangian
::::::
relative

:::::::::::::::
transport-weighted

:
particle frequency in θ-S space

(0.5 ◦C × 0.05 bins). In their
::
it’s

:
source regions, the DP contribution is relatively fresh (32.25 to 34.75) and cold (−2 to 11.0

◦C) with potential density anomalies (σθ = ρθ− 1000 kgm−3, in the following units are dropped for better readability) between15

25.9 and 27.8, whereas the AC contribution is more salty (34.30 to 35.75) and spans a broader temperature range (2.5 to 29.0
◦C) with σθ between 21.7 and 27.7. Note that there is no clear separation of the two sources in temperature as the terminology

cold and warm water routes may imply, since the AC contribution does not only consist of warm surface waters, but also of

colder central and intermediate waters (Beal et al., 2006; Speich et al., 2007; Biastoch and Böning, 2013). In our Lagrangian

model analysis 99 % of the DP (AC) contribution originally has temperatures colder (warmer) than 8.5 ◦C (4.0 ◦C), and 75 %20

(11 %) of DP (AC) waters can be found in the respective shared temperature range from 4.0 ◦C to 8.5 ◦C. However, the AC

and DP water contributions can be well distinguished by the salinity in their source regions: 99 % of the DP (AC) contribution

originally has salinities lower (greater) than 34.45. Thus
::::::
Hence, we may consider fresh and salty routes as an alternative

:::
and

more precise terminology, even though we would still
::::
which

::::
also

::::::::
accounts

::
for

:::
the

:::::::
relative

:::
role

:::
of

:::
the

:::
two

:::::::
sources

::::
with

::::::
respect

::
to

:::
the

:::
salt

::::::::
advection

::::::::
feedback.

::::
Yet,

:::::::::
dependent

::
on

:::
the

:::::::
specific

:::::::
research

::::::::
question,

:::
the

:::::
mean

::::::::::
temperature

:::::::::
difference

:::::::
between

:::
the25

:::
two

::::
may

:::
still

:::
be

::
of

:::::::
(larger)

::::::::::
importance.

:::::::::
Therefore,

::
we

::::::
would recommend referring directly to the geographic origin to avoid

ambiguities. Upon arrival in the NBC, fluid particles with DP origin cover nearly the same θ-S spectrum as those particles with

AC origin, that are, temperatures from 3.5 ◦C to 30.0 ◦C and salinities from 34.25 to 37.60 (34.25 to 37.65 for AC waters), with

corresponding σθ from 22.7 to 27.6 (23.0 to 27.6 for AC waters). The comparison of the initial and final θ-S spectra shows that

substantial thermohaline property modification does occur on the transit through the South Atlantic. The bulk of waters entering30

the South Atlantic through AC and DP that later reach the NBC becomes more salty during the transit. Waters of DP origin

additionally experience a substantial broadening of their temperature spectrum associated with a general warming.

These thermohaline property modifications are also eventually associated with transformations in density space. To quantify

those, we binned the partial transports of all particles according to their potential density anomaly at their origin (Fig. 7e)
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and upon arrival in the NBC (Fig. 7g), for each contribution separately. Then we compared the transport-weighted density

distributions at the entry sections and the respective distributions in the NBC. The difference between the initial and final

distributions quantifies the net transformation of the bulk of water (Fig. 7f), which may be a result of multiple modification

processes. We additionally repeated this analysis for respective subsets of surface
::::
upper

:
(σθ < 26.0), central (26.0 < σθ < 27.0),

and intermediate (27.0 < σθ < 27.5) waters. The exact numbers for the transformation analysis of the different classes depend on5

the applied density criteria. Here we chose to follow Macdonald (1993) and Holfort and Siedler (2001) for the definition of the

separation of central
::::
upper

:
and intermediate waters, since it fits to the simulated mean (2000-2009) thermohaline structure of the

water column in the South Atlantic (Fig. 8). Other authors following Roemmich (1983) chose σθ =26.8, but in our simulation

waters with 26.8 < σθ < 27.0 seem to fall in the central
::::
upper

:
water range with a still relatively large vertical gradient in

temperature and salinity. The general tendencies of our transformation analysis stay robust with respect to small changes in these10

criteria (not shown), so that the results are worth a discussion. The AC contribution to the upper limb of the AMOC originally

consisted of 2.0
::
5.7

:
Sv surface, 3.7 central,

::::
upper

:
and 0.6 Sv intermediate waters. These waters showed a net transformation to

1.2
:::
5.6 Sv surface, 4.4 central,

:::::
upper and 0.7 Sv intermediate waters upon arrival in the NBC. More specifically, 40 (0.8 ) of

the surface waters became central waters, 8 (0.3 Sv ) of the central
:
of

:::
the

:::::
upper

:
waters became intermediate waters, and and a

third (0.2 Sv ) of the intermediate waters became central
::::
upper

:
waters (Table ??

:
1). Hence, the bulk of AC waters experiences15

a slight net density gain during the transit towards the NBC. The DP contribution to the upper limb of the AMOC originally

consisted of 1.6 Sv central,
::::
upper

:
and 3.1 Sv intermediate waters. These showed a net transformation to 0.9

::
3.2

:
Sv surface,

2.3 central,
:::::
upper and 1.5 Sv intermediate water upon arrival in the NBC. More specifically, 31 (0.5

::
0.1

:
Sv ) of central waters

became surface waters (6 became intermediate waters ), and 55 (
::
of

:::::
upper

::::::
waters

:::::::
became

::::::::::
intermediate

::::::
waters

:::
and

:
1.7 Sv ) of

the intermediate waters became central or surface
:::::
upper waters (Table ??

:
2). To sum it up, in contrast to AC waters, the bulk of20

DP waters experiences a net density loss during the transit towards the NBC.

Changes of temperature and salinity and thus density along volume transport pathways generally correspond to the mean

effect of surface fluxes, such as direct warming by solar heat flux or precipitation and evaporation processes, and mixing with

ambient waters due to parameterized and spurious tracer diffusion of the OGCM. The fact that both DP and AC waters show a

salinification during their transit implies that they do not only mix with each other, but that mixing with other ambient waters25

and/or surface fluxes may play an important role, too.

To further investigate the transformation in the bulk AC and DP water volumes occurring during the transit and to determine

their origin, we assessed which particles reached the mixed layer on their transit between the DP or AC and the NBC, and then

investigated the net transformation of waters with and without mixed layer contact separately. Following the criterion used

during the OGCM integration and also adopted in comparable Lagrangian studies (cf. Blanke et al., 2002; Tim et al., 2018), we30

assume a particle having reached the mixed layer if its density (that equals the ambient density) differs by less than 0.01 kgm−3

from the density at 10 m depth. During the transit through the South Atlantic the surface mixed layer is reached at least once by

66 % (3.1 from 4.7 Sv) and 49 % (3.1 from 6.3 Sv) of DP and AC waters, respectively. That implies that these waters most

likely do gain their specific characteristics within the South Atlantic and — if adopting the common definition of a water mass

14



as a body of water with common formation history — are strictly speaking not water masses with Indian Ocean or Pacific origin35

as may be suggested by their prior classification as AC or DP waters.

Fig. 9 maps the frequency distribution
::::::
relative

::::::::::::::::
transport-weighted

::::::::
frequency

:
of the position of the last mixed layer contact

for particles on the transit between AC (left) or DP (right) and the NBC. Regions of high frequency can be interpreted as the

most probable formation regions for water masses of the NBC within the South Atlantic. Those can be found in the vicinity of

different mode water formation regions as depicted in Hanawa and Talley (2001, hereafter H01) and Sato and Polito (2014,5

hereafter S14): in the eastern and southern subtropical gyre where eastern subtropical mode water (ESTMW or SASTMW2

in H01 and S14, respectively) and southern subtropical mode water (SASTMW3 in S14) are formed, respectively, as well as

east of Drake Passage where subantarctic mode water (SAMW in H01) originates. Notably, the formation region of classical

western subtropical mode water (STMW or SASTMW1 in H01 and S14, respectively) located east of the western boundary

current, that is, the Brazil Current, does not stand out in the frequency distribution. That suggests
::::::::::
Thissuggests

:
that western10

subtropical mode water is no major contributor to NBC waters in the analyzed model simulation. A possible explanation for

this could be that most western subtropical mode water gets re-entrained into the mixed layer in the eastern subtropical gyre

and thus becomes itself part of the eastern subtropical mode water. In any case, our findings match those of Tim et al. (2018),

who analyzed the same model simulation and found an only minor direct South Atlantic Central Water but strong eastern South

Atlantic Central Water contribution to the upwelling water masses of Benguela. Relative high frequencies of last mixed layer15

contacts are further located at the subduction zones along the South Equatorial Current and in particular around 15◦S, which

have been shown to be important source regions for the equatorward subsurface flow related to the shallow overturning of the

subtropical cell in the South Atlantic (Zhang, 2003; Schott et al., 2004; Hazeleger and Drijfhout, 2006).

The mixed layer contact of virtual fluid particles on their transit between the AC or DP and the NBC greatly impacts

their characteristic properties. Most notably, the net transformation in density space of DP and AC waters (Fig. 7f) is almost20

completely captured by those particles with mixed layer contact (Fig. 10d), whereas water property modifications associated

with particles without mixed layer contact are characterized by only minor changes in density space (Fig. 11d).

Nearly all DP particles
:::::
waters

:
entering the South Atlantic in the central water range

::::
upper

:::::
water

:::::
range

::::
(1.5

:::
Sv)

:
and more

than half (1.6 from 3.1 ) of those entering in the intermediate water range
:::
(1.6

::::
from

:::
3.1

:
Sv

:
) reach the mixed layer at least once

during their transit. The bulk of these DP waters with mixed layer contact experience a substantial salinification (when entering25

the Atlantic 95 % of the waters have salinities < 34.45, whereas upon arrival in the NBC 95 % of the waters have salinities >

34.45) but even stronger warming during the transit. This results in a net decrease in density and in a corresponding shift towards

central and surface
::::
upper

:
waters. From the AC contribution, the particles entering the South Atlantic as surface waters, as well

as 30
::
54 % (1.1 from 3.7

:::
3.1

::::
from

:::
5.7

:
Sv) of those entering as central

:::::
waters

:::::::
entering

:::
the

:::::
South

:::::::
Atlantic

::
as

:::::
upper

:
waters reach

the mixed layer during their transit
::::::
(waters

:::::::
enetring

::
in

:::
the

::::::::::
intermediate

:::::
water

:::::
range

:::
do

:::
not

::::
reach

:::
the

::::::
mixed

:::::
layer). They enter30

the South Atlantic at a large range of relatively high temperatures which hardly changes during the transit. However, as DP

waters, AC waters with mixed layer contact experience a net salinification, resulting in a net increase in density. Since the

coherent increase in salinity of AC and DP waters can not be found for waters without mixed layer contact, we attribute the
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salinification to the impact of on average net evaporative surface fluxes over the subduction zones along the South Equatorial

Current, as well as to mixing with ambient subtropical upper layer waters with high salinities.35

Nearly half (1.5 from 3.1 Sv) of the DP waters that are entering the South Atlantic as intermediate waters, as well as nearly all

intermediate and 70
::
46 % (2.6 from 3.7

:::
5.7 Sv) of the central

::::
upper

:
AC waters do not experience any mixed layer contact during

their transit towards the NBC. Interestingly, AC and DP waters without mixed layer contact show opposite transformations in

temperature and salinity: DP waters are warming and becoming more saline, whereas AC waters are cooling and freshening. As

a result the salinity and temperature distributions of both components show new common peaks in the temperature and salinity5

distributions, at 3.5–4.0 ◦C and 34.35–34.40, respectively. This result fits to the idea that intermediate and central waters of

western and eastern Atlantic origin mix in the eastern South Atlantic and form new varieties of central and intermediate water

(water masses in the same density range but with different temperature and salinity characteristics), as specifically shown by

Rusciano et al. (2012) from observations, and Rimaud et al. (2012) from a regional modelling experiment for different varieties

of Antarctic Intermediate Water.10

3.5 Potential decadal changes in AMOC’s upper limb connectivity measures

Figure 12 gives a first impression on the possible sensitivity of the volumetric NBC decomposition to the strength of Agulhas

leakage. The underlying data stem from the two additional sets of Lagrangian experiments for which particles were released in

the NBC at 6◦S for years 1960 to 1969 (lowAL) and 2000 to 2009 (highAL), respectively, and then traced backwards towards

the source sections (cf. Fig. 3) by cycling through the velocity data of each period for at maximum 40 years (more details on the15

experiments can be found in Sect. 2.2).

We chose the 1960s and 2000s for our comparison, since both periods feature the same simulated Lagrangian mean NBC

transport (23.1 Sv) and comparable upper limb transport (11.0 Sv in the 1960s and 12.0 Sv in the 2000s) estimates, but are

associated with notably different estimated mean values of Agulhas leakage that show an increase from 8.4 Sv in the 1960s to

around 14.6 Sv in the 2000s (note that the mean Agulhas leakage transport for the 2000s has been calculated based only on20

the annual mean values from 2000 to 2005, since the applied methodology of Agulhas leakage estimation required a potential

particle tracking towards the Good Hope section for at least 4 years and the employed model simulation only provided velocity

output until 2009, cf. Appendix A). The fundamental question is whether this increase in Agulhas leakage also evoked
:::::::
induced

a corresponding increase in the AC contribution to the upper limb of the AMOC
:
in

:::
the

::::::
tropics

::::
(and

::::::
further

:::::
north).

In highAL the AC contribution amounts to 7.0 Sv which constitutes 30 % of the total NBC transport and 58 % of the AMOC25

upper limb transport at 6◦S; whereas the DP only contributes 4.1 SV, that is, 18 % and 34 % to the NBC and upper limb

transports, respectively. In contrast, in lowAL the DP contribution slightly exceeds the AC contribution. The AC contribution

only amounts to 5.1 Sv, that is, 22 % of the total NBC transport and 46 % of the AMOC upper limb transport at 6◦S; whereas

the DP contribution provides 5.3 SV, that is, 23 % and 48 % to the NBC and upper limb transports, respectively. In highAL and

lowAL on average 2.1 and 2.8 Sv remained in the domain after 40 years of integration, respectively, from which a large part30

probably would additionally add to the DP contribution under longer integration times (cf. Sect. 3.1). The higher amount of

unsampled particles in lowAL can be related to the generally longer transit time from DP to NBC than from AC to NBC: A
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circulation pattern with more pronounced DP contribution is associated with a shift of the total transit time distribution, that is, a

transit time distribution inferred of particles from all sources, towards longer time scales (not shown); it consequently yields

more particles still in the domain after 40 years of integration. These estimates suggest that the increase in Agulhas leakage

between the 1960s and 2000s is indeed reflected in an increase of the AC contribution to the AMOC’s upper limb transport and

is further accompanied by a decrease in the DP contribution.

The increase in the AC contribution to the AMOC’s upper limb
::
in

:::
the

::::::
tropics is, however, not directly proportional to the

increase in Agulhas Leakage, but weaker (1.9 Sv compared to 6.2 Sv, respectively). This fits to the findings of Durgadoo5

(2013), who assessed the impact of Southern Hemisphere wind changes on the strength and fate of Agulhas leakage. He showed

that the simulated wind-driven increase in Agulhas leakage goes along with a strengthening of the South Atlantic subtropical

gyre. This strengthening leads to a favored re-circulatory route at the bifurcation point of the South Equatorial Current at the

coast off Brazil. Consequently, less Agulhas leakage waters feed into the North Brazil Current
::::
NBC

::
as

::::
part

::
of

:::
the

::::
large

:::::
scale

:::::::::
overturning. The strengthened re-circulatory route could also be regarded as one potential reason for the simulated decrease in10

the DP contribution. However, due to the conceptual limitations of the here presented idealized analysis, the results are not yet

conclusive and should be rather regarded as a motivation for future studies.

4 Summary and Conclusions

In this study we revisited the relative importance of (i) the relatively warm and salty waters entering the South Atlantic from the

Indian Ocean mainly via the Agulhas Current (AC) system, commonly referred to as the warm water route, and (ii) the colder15

and fresher waters entering directly from the Pacific through Drake Passage (DP), termed the (direct) cold water route, for the

northward volume transport and thermohaline properties of the upper limb of the Atlantic Meridional Overturning Circulation

(AMOC)
:
in

:::
the

:::::::
tropical

:::::
South

:::::::
Atlantic.

To do sowe used the simulated three-dimensional ,
::::

we
:::::::::
performed

::::::::::
Lagrangian

:::::::
analyzes

:::::
using

:
5-day mean velocity and

tracer fields
:::::
output from a hindcast experiment (1958–2009) with the high-resolution (1/20◦) ocean general circulation model20

INALT20; and
:
.
:::
We

:
employed the Lagrangian tool ARIANE to calculate O(106) advective volume transport trajectories as

well as along-track thermohaline property changes between the two source regions and the North Brazil Current (NBC), which

channels the upper limb flow in the tropics. The main results in terms of connecting pathways, associated volume transports, and

major areas of thermohaline property modifications through mixed layer contact are summarized in Fig. 13.

Even though our results generally agree with the prevailing conception that the AC contribution is with around 50 % the major25

source for the upper limb transport of the AMOC (and yields together with other minor Indian Ocean contributions a total warm

water route contribution of 60 %), they also suggest a non-negligible DP or cold water route contribution of at least
:::::
around

:
40

%. That is a substantially higher value for the DP contribution than previously inferred by Lagrangian studies with coarser

resolution models (6-13 %, Speich et al., 2001; Donners and Drijfhout, 2004; Speich et al., 2007), but now better matches

estimates from observations (36 %, Rodrigues et al., 2010). Yet, our first idealized analysis of potential decadal changes in the30

DP and AC contributions indicates that the ratio of the two sources is subject to temporal variability. On the one hand, there may
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have existed phases in which DP and AC yielded comparable volumetric contributions to the upper limb of the AMOC; on the

other hand, the ongoing increase in Agulhas leakage indeed could have evoked
::::::
induced

:
an increase in the AC contribution —

though this increase is weaker than the increase in leakage itself and goes along with a decrease in the DP contribution.

In terms of thermohaline properties, our study highlights that waters with DP and AC origin cannot be clearly distinguished

by the temperature at their source as the commonly adopted terminology may imply, but instead by their salinity. It further

reveals substantial thermohaline property modifications of AC and DP waters during their transit through the South Atlantic,

upon arrival in the NBC waters of both origins can be found in the same temperature and salinity range. The bulk of DP waters5

experiences a net density loss through a net warming, the bulk of AC waters a slight net density gain through a net increase

in salinity. These modifications in density space are nearly completely captured by those Lagrangian particle trajectories that

are reaching the surface mixed layer at least once during their transit, which amount to 66 % and 49 % from the DP and AC

waters, respectively. This implies that 53 % of the water masses supplying the upper limb of the AMOC are formed within

the South Atlantic, and only 14 % and at maximum 33 % get their characteristic properties in the Pacific and Indian Oceans,10

respectively. This stresses the point, that the South Atlantic is not only a passive conduit for remotely formed water masses, but

instead represents an active source and modifier of water masses contributing to the upper limb of the AMOC in the tropics (cf.

Garzoli and Matano, 2011).

The
:::::::::
Considering

:::
the

::::::::
relatively

::::
high

::::::::::
contribution

::
of

:::::
fresh

:::
DP

:::::
waters

::
to

:::
the

:::::
upper

::::
limb

::::::::
transport

::
of

:::
the

::::::
AMOC

:::::::
revealed

:::
by

:::
our

:::::
study,

:
it
:::::
arises

:::
the

:::::::
question

::::
how

:::
this

:::
fits

::::
into

:::
the

::::::
context

::
of

:::
the

:::
salt

::::::::
advection

::::::::
feedback.

::
In

:::
the

::::::::
employed

::::::::
hindcast

:::::::::
simulation,

:::
the15

::::::
average

:::::::::::
(1958-2009)

::::::
AMOC

:::::::
related

:::::::::
freshwater

:::::::
transport

:::::::::
(hereafter

::::
Fov,

:::::::::
calculated

::::::::
following

::::::::::::::::::
Drijfhout et al. (2011)

:
)
::::::
across

::
the

::::::::
southern

::::::::
boundary

:::
of

:::
the

:::::::
Atlantic

::
at

:::
30

::
°S

::::::::
amounts

::
to

:::::::
-124.52 mSv

:
,
:::::
which

::
is
:::

in
:::
line

::::
with

:::::::::
estimates

:::
for

::::
other

::::::::
hindcast

:::::::::
simulations

::::
with

:::::::
OGCM

::::::::::::
configurations

::
at

::::::::::
comparable

::::::::
resolution

::::::::::::::::::::::
(c.f. Deshayes et al., 2013)

:
.
::::
The

:::::::
negative

::::
sign

::::::
implies

::
a
:::
net

::::::
AMOC

::::::
related

:::::::::
southward

::::::::
transport

::
of

:::::::::
freshwater

:::
out

:::
of

:::
the

:::::::
Atlantic

:::
or,

::::::::::
equivalently,

::
a
:::::::::
northward

::::::::
advection

::
of

::::
salt

::::
into

:::
the

:::::::
Atlantic.

::::
This

::::::::
suggests

::::
that

:::
the

:::::::::
freshwater

:::::
input

:::::::
through

:::
the

::::
DP

::::::::::
contribution

::
is
::::
still

:::::::::
dominated

:::
by

:::
the

::::
salt

:::::
input

:::::::
through20

::
the

::::
AC

:::::::::::
contribution.

:::::::::
Following

:::
the

:::::::
theories

::
of

:::
the

::::
salt

::::::::
advection

:::::::::
feedback,

:::
the

:::::::
negative

::::
Fov

::::
has

:
a
::::::::::::
strengthening

:::::
effect

:::
on

::
the

:::::::
current

:::::::
AMOC,

:::
but

::::
also

:::::::
enables

::
a

::::::
positive

:::::::::::
destabilizing

::::::::
feedback

:::::::::::
theoretically

::::::::
allowing

:::
for

:::
the

::::
‘off’

:::::
state.

:::::::
Hence,

:::
the

::::::
relative

:::::
large

:::
DP

::::::::::
contribution

:::
in

:::
our

::::::
model

:::::::::
simulation

::::
does

:::
not

::::::::
disagree

::::
with

:::
the

::::::
theory

::
of
::

a
:::::::::
potentially

::::::::
bi-stable

::::
state

:::
of

::
the

:::::::
AMOC

::::::
related

:::
to

:
a
::::::::

negative
::::
Fov.

:::::
Note

::::::
though

::::
that

:::
the

:::::::::
reliability

::
of

::::
Fov

::
as

:::
an

:::::::
AMOC

:::::::
stability

::::::::
criterion

::
is

::::::::
currently

::::::
debated

:::::::::::::::::::::::::
(cf. Gent, 2018; Cheng, 2018)

:
.
::::
The

::::::
results

::
of

::::
our

::::::::::
Lagrangian

:::::::
analysis

::::
also

:::
put

::
a
:::::::::::
fundamental

::::::::::
assumption

::
of

::::
the25

:::::::::::
salt-advection

::::::::
feedback

::::
into

::::::::
question,

:::::::
namely,

::::
that

:::::::::
anomalies

::
in

:::
the

::::::::::
freshwater

::::::::
transport

::
at

:::
the

::::::::
southern

::::::::
boundary

::
of
::::

the

::::::
Atlantic

:::
are

::::::::::
coherently

:::::::
advected

::::
into

:::
the

:::::
North

::::::::
Atlantic.

:::
The

:
substantial along-track property modifications

:::::::
revealed

::
in

::::
this

::::
study

:
challenge the use of the inferred advective volume transport pathways and timescales for assessing the pathways and

timescales with that upper ocean temperature or salinity anomalies are transmitted through the South Atlantic. They imply that,

dependent on the amplitude and duration of the original anomaly, diffusive mixing with ambient waters and surface fluxes will30

strongly dampen the anomaly along the
:::::
major advective pathways. Overall, this is in line with the argumentation of Lozier (2010)

who stated that the view of the global meridional overturning circulation as a coherent conveyer
:::::::
conveyor

:
belt transporting heat

and dissolved substances through the world ocean is on its way to deconstruction. It is noteworthy though that the deeper parts
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of the upper limb, such as the intermediate waters transiting the South Atlantic without mixed layer contact, largely keep their

characteristic properties along their transit
:
,
::::::::
indicating

:::::
some

::::::::
remaining

::::::
spatial

:::::::::
coherence

::
of

:::
the

::::::
AMOC. Hence, at least for these35

water types
::::::::::
intermediate

::::::
waters, simulated advective pathways and timescales remain relevant for the propagation of potential

temperature and salinity anomalies. However, more work is needed to better understand, how potential temporal changes in

the Pacific-Atlantic and Indo-Atlantic exchange are related and eventually projected onto the return flow characteristics, and,

in particular, which impact water mass formation and horizontal circulation pattern within the South Atlantic have on these

processes. This knowledge is crucial for a better assessment of the potential impact of the observed warming in the extended5

Agulhas region and the estimated increase in Agulhas leakage over the last decades
:::
not

::::
only

::
on

:::
the

:::::::
strength

:::
but

::::
also

:::
on

:::
the

::::::
stability

:::
of

:::
the

::::::
AMOC.

Finally, even though in this study we focused on the importance of the ratio of the DP and AC contributions for the upper

limb of the AMOC, the ratio of the two inflows generally impacts the thermohaline structure of the whole South Atlantic, with

consequences also on a more regional scale, for instance, for the Benguela upwelling region (Tim et al., 2018) or the tropical10

Atlantic (Lübbecke et al., 2015; Castellanos et al., 2017).

Appendix A: Lagrangian estimation of Agulhas leakage transport timeseries

The timeseries of Agulhas leakage has been inferred by ?
:::::::::::::::::::::::::::::
Schwarzkopf et al. (in review, 2019) from a complementary set of

offline Lagrangian experiments with ARIANE in forward mode, following Durgadoo et al. (2013): Virtual fluid particles were

released in the Agulhas Current at 32◦S every 5 days for the years 1958–2005 proportional to the current volume transport, each15

particle associated with a fraction of this transport. Subsequently, the particles were traced for at maximum 5 years towards

predefined control sections around the extended Agulhas region. All particles leaving the domain through the so-called Good

Hope section (Ansorge et al., 2005) towards the South Atlantic were marked as Agulhas leakage and their individual transports

were subsequently combined to estimate a timeseries of Agulhas leakage referenced to the release year of the particles.
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Figure 1. South Atlantic circulation pattern. (a) Simulated mean (2000–2009) upper ocean (averaged over upper 750 m depth) potential

temperature θ (color shading) and horizontal velocity uh (vectors); velocity components have been averaged onto a 1.5◦×1.5◦ grid for plotting

purposes; white arrows highlight major currents of interest for this study: Agulhas Current (AC), Agulhas Return Current (ARC), Benguela

Current (BeC), Antarctic Circumpolar Current (ACC), Malvinas Current (MC), South Atlantic Current (SAC), South Equatorial Current

(SEC), North Brazil Current (NBC) and Brazil Current (BC). (b-c) Mean standard deviation of sea surface height σSSH from simulations and

AVISO, based on 5-day means in 2000–2009.
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(a)

(b)

(c)

Figure 2. Simulated NBC and AMOC at 6◦S. (a) Mean (2000–2009) meridional velocity v in the western tropical Atlantic; the NBC transport

is defined by the integrated positive meridional (= northward) velocities between the coast and 33.5◦W, and 0 –1200 m depth (red box). (b)

5-day mean (grey) and interannually lowpass-filtered (red) NBC transport time series; the release period for the Lagrangian REF experiments

is highlighted in light red, annual mean Lagrangian transport estimates without (crosses) and with (crosses in circles) correction for meanders

are marked. (c) Interannual (thin) and decadal (thick) NBC (red) and AMOC (blue) transport anomalies (long-term mean subtracted).

29



(a) (b)

(c)

Figure 3. Sources for NBC transport inferred from the REF set of 10 Lagrangian experiments for which particles were released in the NBC at

6 ◦S every 5 days for years 2000 to 2009 and then traced backwards in time towards the indicated source sections for maximum 40 years. (a)

Mean Lagrangian streamfunction representing volume transport pathways from all source sections towards the NBC. (b) Mean volumetric

contributions of the individual sources to the NBC; whiskers indicate the range of transport estimates. (c) Timeseries of interannual variability

of the total NBC transport (black line) and its individual contributions, that are, volumetric contribution of each Lagrangian experiment plotted

against the respective release year (colored lines).
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(a)

(b)

(c)

Figure 4. Transit times from the (a) EQ, (b) AC, and (c) DP source region towards the NBC at 6◦S; bars and solid colored lines represent

mean transport-weighted transit time distributions, dashed colored lines indicate the range of the 10 REF experiments (displayed in thin grey

solid lines).
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(a) (b)

Figure 5. Mean Lagrangian streamfunction from all 10 REF experiments representing net volume transport pathways between (a) AC, or (b)

DP and the NBC; contour intervals of 1 Sv.
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Figure 6. Depth distribution for (a) AC waters at source, (b) DP waters at source, (c) AC waters in NBC, and (d) DP waters in NBC ; relative

number of particles
::
as

::::::
inferred

:
from all 10 REF experiments

:
:
:::::
relative

::::::::::::::
transport-weighted

::::::
particle

::::::::
frequency per 0.1◦ × 50 m bin , i.e. local

count divided by the total number of particles in the respective subset, in % (color shading); overlaid mean (2000-2009) Eulerian cross-section

velocities in ms−1 (light-grey contours, note the different contour intervals); and mean cumulative Lagrangian volume transport per 100 m

depth bin in Sv (bar graphs).
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Figure 7.
::::::::::
Thermohaline

::::::::
properties

::
of

:::::
waters

::::
with

:::
AC

:::
and

::
DP

:::::
origin

::::::
inferred

::::
from

::
all

:::
10

:::
REF

::::::::::
experiments.

::::
(a-d) Mean potential temperature

(θ) and salinity (S) characteristics , as well as transformation in density space of waters with AC and DP origin. (a-d) Relative number of

particles from all 10 REF experiments
::::
waters

::
at

::::
their

:::::
source

:::
and

:::::
within

::
the

:::::
NBC:

::::::
relative

::::::::::::::
transport-weighted

::::::
particle

:::::::
frequency

:
per 0.5 ◦C ×

0.1 psu bin
:

in %
:::::
(color

:::::::
shading);

::::::
initially, i.e., local count divided by the total number

:
99

:
% of released particles in the respective subset

:::
DP

::::
(AC)

::::
water

::::::
volume

:::
can

:::
be

::::
found

::
at
::::::::::
temperatures

:::::
colder

:::::::
(warmer)

::::
than

:::
8.5

:::

◦C
:::
(4.0

:::

◦C)
::::

and
:
at
:::::::

salinities
:::::

lower
:::::::
(greater)

::::
than

::::
34.45, in

::
as

:::::::
indicated

::
by

:::
blue

::::
(red)

::::
lines. (e-g) Mean volume transport per density class (in 0.1 kgm−3 bins)

:
of
:::
AC

::::
(red)

:::
and

:::
DP

:::::
(blue)

:::::
waters

:
at

::::
their

source regions and in
::::
within

:::
the NBC, as well as volumetric water mass

:::::::
associated

:
transformation

::
in

::::::
density

::::
space (red: waters of AC origin,

blue: waters of DP origin
::
bar

:::::
graphs). Potential ;

:::::::
potential

:
density levels used to separate surface

::::
upper, central, intermediate(,

:
and deep )

waters are highlighted by solid black lines; dark blue (dark red) lines mark T and S values that constitute the upper (lower) limit for 99 of the

DP (AC) water volumes, light blue (light red) lines the respective limit for 95 .
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(a)

(b)

Figure 8. Mean (2000–2009) simulated Eulerian (a) salinity, and (b) potential temperature θ sections at 34.5◦S (color shading); potential

density anomalies are overlaid in grey contours — those used as separation of surface
::::
upper, central, intermediate, and deep waters are printed

in black.
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(a) (b)

Figure 9. Horizontal distribution of the position of the last mixed layer contact for particles on the transit between (a) AC, or or (b) DP and

NBC
::::::
inferred

::::
from

::
all

:::
10

:::
REF

::::::::::
experiments. Relative number of particles

:::::::::::::
transport-weighted

::::::
particle

::::::::
frequency per 2◦ × 2◦ bin , i.e. local

count divided by
:
in

:
%

::::::
(referred

::
to the total number of particles from all 10 REF experiments in the respective subset that are entering the

mixed layer at least once during their transit, in (color shading); hatching highlights the most likely areas for the last mixed layer contact,

encompassing 75 % of the
:::::::
transport

::::::::
associated

:::
with

:::
the respective set of particles entering the mixed layer.
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Figure 10. Mean property modification of waters with AC and DP origin that enter the mixed layer at least once during their transit. Mean

volume transport per density (left, 0.1 kgm−3 bins), salinity (middle, 0.05 psu bins), and temperature (right, 0.5 ◦C bins) class at source region

(upper) and in NBC (lower), as well as volumetric property transformation (middle) for waters of AC (red bars) and DP (blue bars) origin.

From all 10 REF experiments only particle trajectories with at least one mixed layer contact during their transit are considered. Potential

density levels used to separate surface
::::

upper, central, intermediate and deep waters are highlighted by solid black lines; dark
:::
light

:
blue (red)

lines mark θ and S values that constitute the upper (lower) limit for 99
::
95

:
% of the DP (AC) waters, light ;

::::
dark blue (red) lines represent

::::
mark

:
θ
:::::
values

:::
that

::::::::
constitute the 95

::::
upper

::::::
(lower) limit

::
for

::
99

:
%

:
of
:::
the

:::
DP (

:::
AC)

:::::
waters

:
(cf. Fig. 7).
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Figure 11. Same as Fig. 10 but for waters with AC and DP origin that that do not enter the mixed layer during their transit.
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(a) (b)

(c)

Figure 12. Sensitivity of NBC sources to the strength of Agulhas leakage (AL): mean volumetric contributions of the individual sources to

the NBC inferred from (a) lowAL and (b) highAL (cf. Fig. 3); (c) interannual variability of AL transport as derived by ?, cf. Appendix A

::::::::::::::::::::::::::::::::::::::
Schwarzkopf et al. (in review, 2019, cf. Appendix A).
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Figure 13. Summary of the AMOC’s upper limb ‚cold‘ (DP, blue) and ‚warm‘ (mainly AC, red) water routes inferred from O(106) simulated

Lagrangian particle trajectories (REF experiments): major (thick arrows) and minor (thin arrows) advective pathways; Lagrangian mean

cross-section transports in Sv (numbers); respective volumetric contribution of particles entering the mixed layer at least once during the

transit (numbers in brackets); and most likely areas of last mixed layer contact (hatching, same as in Fig. 9).
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in AC

::::
upper

:
surface central interm. Σ surface central interm. Σ

in NBC ::::
upper (1.2

:::
(5.4) 0.0

:::
0.2 0.0

:::
5.6

:::::
interm.

: ::
0.3

:
(0.0

:::
0.4) 0.5 0.4

::
0.7

:
Σ
: ::

5.7
:

0.8
:::
0.6 (3.4)

::
6.3

:

Table 1.
::
Net

:::::
water

::::
mass

:::::::::::
transformation

::
of

:::::
upper

:::
and

::::::::::
intermediate

:::::
waters

::::
with

:::
AC

:::::
origin

::::::
between

::::
their

::::
entry

::::
into

::
the

:::::
South

:::::::
Atlantic

:::
and

:::::
arrival

:
in
:::

the
::::
NBC

::
in

:
Sv;

:::::
water

::::::
volumes

::::::
without

:::
any

:::
net

:::::::::::
transformation

:::
into

:::
the

::::
other

::::
class

::
are

:::::
listed

::
in

::::::
brackets.

0.2 in DP

0.0 (1.0)
::::
upper

:
1.3

:::::
interm.

:
Σ

in NBC ::::
upper

:
0.0 0.3 (0.4

:::
(1.5)

::
1.7

: ::
3.2

:

0.0
:::::
interm. 0.1 (1.4)

::
1.5

:

Σ 2.0 3.7 0.6 0.0 1.6 3.1
::
4.7

:

Table 2. Net water mass transformation of surface, central, and intermediate
::::
Same

::
as

:::::
Table

:
1
:::
but

::
for

:
waters with AC and DP originbetween

their entry into the South Atlantic and arrival in the NBC in ; water volumes without any net transformation into a different class are

additionally listed in brackets.
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