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Abstract	22 

The	East	Asian	summer	monsoon	is	unique	amongst	summer	monsoon	systems	in	its	complex	23 

seasonality,	exhibiting	distinct	intraseasonal	stages.		Previous	studies	have	alluded	to	the	24 

downstream	influence	of	the	westerlies	flowing	around	the	Tibetan	Plateau	as	key	to	its	25 

existence.		We	explore	this	hypothesis	using	an	atmospheric	general	circulation	model	that	26 

simulates	the	intraseasonal	stages	with	fidelity.		Without	a	Tibetan	Plateau,	East	Asia	exhibits	27 

only	one	primary	convective	stage	typical	of	other	monsoons.		As	the	Plateau	is	introduced,	the	28 

distinct	rainfall	stages	-	Spring,	Pre-Meiyu,	Meiyu,	and	Midsummer	-	emerge,	and	rainfall	29 

becomes	more	intense.		This	emergence	co-incides	with	a	pronounced	modulation	of	the	30 

westerlies	around	the	Plateau	and	extratropical	northerlies	penetrating	northeastern	China.		31 

The	northerlies	meridionally	constrain	the	moist	southerly	flow	originating	from	the	tropics,	32 

leading	to	a	band	of	confluence	and	humidity	front	that	produces	the	rainband.		The	northward	33 

migration	of	the	westerlies	away	from	the	northern	edge	of	the	Plateau	leads	to	a	weakening	of	34 

the	extratropical	northerlies,	which,	coupled	with	stronger	monsoonal	southerlies,	leads	to	the	35 

northward	migration	of	the	humidity	front	and	hence	the	Meiyu.		When	the	peak	westerlies	36 

migrate	north	of	the	Plateau	during	the	Midsummer	stage,	the	extratropical	northerlies	37 

disappear,	leaving	only	the	monsoon	low-level	circulation	that	penetrates	northeastern	China;	38 

the	rainband	disappears,	leaving	isolated	convective	rainfall	over	northeastern	China.		In	short,	39 

East	Asian	rainfall	seasonality	results	from	the	interaction	of	two	seasonally-evolving	40 

circulations	-	the	monsoonal	southerlies	that	strengthen,	and	the	midlatitude	northerlies	that	41 

weaken	and	eventually	disappear	–	as	summer	progresses.			 	42 
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1.	 Introduction		43 

The	East	Asian	summer	monsoon	is	unique	amongst	monsoon	systems	for	its	complex	44 

seasonality.		While	the	other	monsoons	are	characterized	by	a	single	major	onset	and	retreat	in	45 

the	early	summer	and	fall	respectively,	the	East	Asian	summer	monsoon	is	marked	by	distinct	46 

quasi-stationary	stages	with	abrupt	transitions	in	between	(Ding	and	Chan	2005).		A	hovmoller	47 

plot	of	the	rainfall	climatology	over	East	Asia	110-120°E	(figure	1a,	reproduced	from	Ding	and	48 

Sun	2002)	succinctly	shows	the	nature	and	timing	of	the	intraseasonal	stages.		The	already	49 

significant	rainfall	over	southern	China	during	the	Spring	–	which	is	persistent	in	nature	(Wu	et	50 

al.	2007)	-	gives	way	to	the	pre-Meiyu	stage	starting	in	early	May	marked	by	the	beginning	of	51 

convective	rainfall	surges	over	the	South	China	Sea	and	southeastern	China.		The	Meiyu	stage	52 

begins	in	early-mid	June	with	a	rapid	northward	progression	of	the	rainfall	to	central	China.		53 

This	quasi-stationary	stage	lasts	for	20-30	days,	after	which	the	rainfall	abruptly	jumps	to	54 

northern	China	and	the	Korean	peninsula	around	early-mid	July.		This	Midsummer	stage	exists	55 

for	about	a	month,	before	the	rainfall	transitions	back	south.		Furthermore,	the	pre-Meiyu	and		56 

Meiyu	rainfall	are	primarily	from	‘banded’	rainfall	resulting	from	large-scale	frontal	57 

convergence,	whereas	Midsummer	rainfall	results	from	local	convection	(Day	et	al.	2018).		This	58 

complex	seasonality	has	been	extensively	documented	in	the	literature	(e.g.	see	Ding	and	Chan	59 

2005),	but	a	compelling	dynamical	explanation	of	why	these	distinct	stages	exist	is	lacking.	60 

Why	is	the	East	Asian	monsoon	is	so	distinct?		Geographically,	East	Asia	possesses	61 

physical	characteristics	not	typically	shared	by	other	monsoon	systems.		Two	prominent	62 

continental	features	border	the	region:	the	Tibetan	Plateau	to	the	west,	and	the	North	Pacific	63 

Ocean	to	the	east.		Moreover,	the	poleward	latitudinal	reach	of	the	East	Asian	summer	64 
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monsoon	lies	squarely	within	the	westerly	belt.		The	combination	of	more	northward	latitudes	65 

and	the	ocean	to	the	east	means	that	zonal,	rather	than	meridional,	land-ocean	contrasts	66 

matter	for	the	East	Asian	monsoon;	indeed,	the	strength	and	positioning	of	the	Western	North	67 

Pacific	High	features	prominently	in	East	Asian	summer	monsoon	studies.			As	summer	beings	in	68 

the	northern	hemisphere,	the	Asian	landmass	heats	up	faster	than	the	oceans	leading	to	a	69 

pressure	contrast	between	the	Asian	landmass	and	North	Pacific	subtropical	high.		The	role	of	70 

the	Tibetan	Plateau	has	also	been	well	emphasized	in	the	literature,	in	particular	with	the	71 

influence	of	Plateau	heating	in	the	initial	thermodynamic	driving	of	the	Asian	monsoon	systems	72 

(Flohn	1968;	Li	and	Yanai	1996).	73 

The	importance	of	the	mechanical	effect	of	the	westerly	flow	around	the	Plateau	on	the	74 

East	Asian	monsoon	has	also	been	long	understood	(Staff	Members,	1957;	Yeh	et	al.	1959).			75 

Seasonally,	the	westerlies	migrate	from	south	of	the	Plateau	during	the	Spring	stage	to	north	of	76 

the	Plateau	by	the	Midsummer	stage,	and	migrating	back	south	in	the	Fall	(Schiemann	et	al.	77 

2009).		Early	studies	have	noted	the	coincidences	between	the	summer	seasonal	stages	to	78 

specific	configuration	of	the	westerlies	over	East	Asia	(as	highlighted	in	Yanai	and	Wu	2006,	and	79 

see	references	therein):	the	onset	of	the	Meiyu	co-incides	with	the	timing	of	the	disappearance	80 

of	the	westerlies	to	the	south	of	the	Plateau,	and	the	end	of	the	Meiyu	co-incides	with	the	81 

disappearance	of	the	jet	near	35N	over	Japan	(Staff	Members,	1957),	presumably	due	to	a	82 

northward	shift;	the	transition	from	Midsummer	to	Fall	co-incides	with	the	reappearance	of	the	83 

jet	over	Japan.			Recent	studies	have	provided	dynamical	evidence	for	the	importance	of	the	84 

westerlies	in	determining	the	existence	of	specific	stages,	including	the	Spring	(Park	et	al.	2012;	85 

Wu	et	al.	2007)	and	Meiyu	(Chen	and	Bordoni	2014;	Sampe	and	Xie	2010).		Chiang	et	al.	(2015)	86 
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proposed	that	paleoclimate	changes	to	the	East	Asian	summer	monsoon	are	tied	to	changes	in	87 

the	timing	and	duration	of	the	seasonal	transitions,	driven	by	changes	to	the	meridional	88 

position	of	the	westerlies	relative	to	the	Plateau.	89 

These	observations	lead	to	a	simple	and	intuitive	idea	that	difference	between	the	East	90 

Asian	summer	monsoon	from	the	other	monsoons	originate	because	of	the	downstream	effects	91 

of	the	westerlies	impinging	on	the	Plateau,	that	then	interacts	with	the	subtropical	monsoon	92 

flow.		In	this	view,	the	origins	of	the	seasonal	stages	depend	on	the	specific	configuration	of	the	93 

westerlies	relative	to	the	Plateau.		Molnar	et	al.	(2010)	succinctly	state	this	hypothesis	as	94 

follows:	“With	the	seasonal	decrease	in	the	equator-to-pole	temperature	gradient,	the	jet	95 

moves	northward	from	its	winter	position	south	of	Tibet	to	pass	directly	over	the	plateau	and	96 

then	north	of	it…..			In	turn,	the	locus	of	convergence	of	moisture	and	precipitation	downstream	97 

of	the	plateau,	the	Meiyu	Front,	shifts	northward	into	central	China.	In	this	view,	the	98 

intensification	and	northward	movement	of	the	Meiyu	Front	from	late	winter	to	late	spring	can	99 

be	seen	as	a	result	of	(a)	the	jet	interacting	with	the	plateau	and	(b)	the	increasing	humidity	of	100 

air	that	is	swept	in	from	the	south	over	a	warming	ocean…..	Then	approximately	when	the	core	101 

of	the	jet	stream	moves	northward	to	pass	north	of	Tibet….		,	the	Meiyu	Front	disintegrates,	and	102 

precipitation	over	China	decreases.	“.		This	hypothesis	is	appealing	for	several	reasons.		It	103 

dynamically	links	the	observed	coincidence	between	changes	to	the	westerly	configuration	with	104 

the	transition	from	one	stage	to	another;	and	(as	Molnar	et	al.	2010	point	out)	it	can	explain	105 

the	demise	of	the	Meiyu	in	late	June,	despite	the	thermal	driving	of	the	monsoon	suggesting	106 

the	opposite	should	occur.		It	also	explains	the	transition	from	the	frontal	nature	of	rainfall	in	107 

the	pre-Meiyu	and	Meiyu,	to	the	more	locally-convective	nature	during	the	Midsummer.		108 
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However,	this	hypothesis	lacks	specific	details	on	what	exactly	it	is	about	the	westerlies	that	109 

determine	the	nature	of	each	seasonal	stage,	and	why.			110 

The	proposed	role	of	westerlies	stand	in	stark	contrast	to	the	prevailing	notation	that	111 

emphasizes	thermal	forcing	in	driving	the	East	Asian	summer	monsoon,	in	particular	elevated	112 

sensible	heating	on	the	Tibetan	Plateau	(1958;	Flohn	1957;	Flohn	1960).		A	number	of	studies	113 

now	attribute	the	onset	of	convection	over	the	Bay	of	Bengal	and	South	China	Sea	(marking	the	114 

onset	of	the	pre-Meiyu	stage)	to	Plateau	thermal	heating	that	causes	a	reversal	in	the	115 

meridional	temperature	gradient	to	the	south	of	the	Plateau,	and	the	consequent	reversal	of	116 

the	upper	tropospheric	winds	over	the	South	China	Sea	and	Indochina	Peninsula	(He	et	al.	117 

1987).		Ding	and	Chan	(2005)	highlight	one	conceptual	model	in	which	the	seasonal	evolution	of	118 

thermal	forcing	provides	the	impetus	for	evolving	from	one	seasonal	stage	to	the	next,	but	119 

other	influences	trigger	the	actual	transition.	However,	the	physics	that	could	link	thermal	120 

forcing	to	the	existence	and	timing	of	the	later	seasonal	stages	is	neither	well-developed	nor	121 

understood.		Indeed,	other	studies	argue	that	heating	over	the	Plateau	has	little	to	no	effect	on	122 

the	onset	of	convection	in	the	Bay	of	Bengal,	which	marks	the	start	of	the	Asian	monsoon	123 

season	(Boos	and	Kuang	2010;	Boos	and	Kuang	2013;	Ma	et	al.	2014).			124 

The	goal	of	this	study	is	to	directly	address	the	origins	of	the	complex	seasonality	of	the	125 

East	Asian	Summer	monsoon,	using	the	Molnar	et	al	(2010)	hypothesis	as	a	starting	point.		We	126 

use	an	atmospheric	general	circulation	model	(AGCM)	that	reproduces	the	intraseasonal	127 

transitions	to	explore	the	role	of	the	Tibetan	Plateau.		We	furthermore	design	a	set	of	idealized	128 

simulations	to	test	the	relative	roles	of	the	continental	landmass	and	Tibetan	Plateau	in	129 

configuring	the	seasonality.					The	idea	we	advance	is	that	the	complex	seasonality	is	a	result	of	130 
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two	interacting	and	seasonally-evolving	circulations	over	East	Asia:	a	moist	and	warm	southerly	131 

monsoonal	flow	originating	from	the	tropics	that	increases	in	strength	as	summer	progresses,	132 

and	an	extratropical	cold	and	dry	northerly	flow	resulting	from	the	mechanical	influence	of	the	133 

Tibetan	Plateau	on	the	impinging	westerlies,	and	which	weakens	as	summer	progresses.		The	134 

tropical	southerlies	and	extratropical	northerlies	converge	to	form	a	dynamical	humidity	front	135 

that	determines	the	location	of	the	pre-Meiyu/Meiyu	rainband,	and	the	resulting	diabatic	136 

heating	in	turn	drives	a	tropical	southerly	flow	that	helps	maintain	the	rainband.		The	migration	137 

of	the	core	westerlies	to	the	north	of	the	Plateau	during	the	Midsummer	stage	leads	to	the	138 

demise	of	the	extratropical	northerlies,	leaving	only	the	monsoonal	flow	behind.		139 

The	paper	proceeds	as	follows.	In	section	2,	we	introduce	the	AGCM	and	its	simulation	140 

of	the	East	Asian	monsoon,	using	a	model	that	can	realistically	simulate	the	intraseasonal	141 

transitions	essential	to	our	study.			In	section	3	we	employ	the	model	to	show	that	the	Tibetan	142 

Plateau	is	directly	responsible	for	the	intraseasonal	transitions.		We	then	explicitly	demonstrate	143 

the	role	of	the	stationary	eddy	circulation	induced	by	the	Plateau	in	setting	the	seasonality	144 

(section	4).		In	section	5,	we	offer	an	interpretation	of	the	East	Asian	monsoon	seasonality	in	145 

terms	of	the	interaction	between	the	evolving	stationary	eddy	circulation	and	monsoonal	flow.		146 

In	section	6,	we	introduce	a	set	of	idealized	model	simulations	that	illustrate	the	basic	147 

ingredients	of	East	Asian	monsoon	seasonality.		We	summarize	our	findings	in	section	7.	148 

	149 

2.	 Model	setup	and	climatology	150 

2.1	 Model	description	and	simulations	151 
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We	use	the	National	Center	for	Atmospheric	Research’s	Community	Earth	System	Model	152 

version	1.1	(Hurrell	et	al.	2013)	that	has	been	demonstrated	to	simulate	the	intraseasonal	153 

stages	of	the	East	Asian	summer	monsoon	with	fidelity	(Chiang	et	al.	2015).		The	component	set	154 

used	includes	the	coupler,	prognostic	atmosphere	and	land,	and	data	ice	and	ocean.		The	AGCM	155 

component	is	the	Community	Atmosphere	Model	(CAM5)	version	5.1,	using	the	finite	volume	156 

dynamical	core	at	the	standard	0.9°	x	1.25°	latitude-longitude	resolution	and	30	vertical	levels.		157 

The	boundary	and	initial	conditions	for	the	control	simulation	were	obtained	from	the	158 

Community	Earth	System	Model	preindustrial	control	simulation	(Vertenstein	et	al.	2010)	and	159 

boundary	conditions	are	fixed	to	that	period;	in	particular,	the	sea	surface	temperature	(SST)	160 

and	sea	ice	are	prescribed.			161 

The	control	simulations	with	full	Plateau	height	(‘full	Plateau’;	figure	2a)	is	run	for	25	162 

years,	with	the	last	20	years	averaged	to	form	the	climatology.		Since	simulations	are	done	163 

using	prescribed	SST,	2	years	is	sufficient	to	spin	up	the	model.		Simulations	reducing	the	164 

topography	over	East	Asia	are	also	undertaken	(see	Table	1	for	a	summary	of	all	simulation	165 

cases).		In	all	cases,	all	land	surface	properties	(apart	from	height)	are	kept	to	the	same	as	the	166 

control	simulation,	as	is	the	imposed	SST.		In	the	simulations	that	impose	a	reduced	height	to	167 

the	Plateau,	the	surface	elevation	of	the	region	bounded	by	45°-125°E	and	20°-60°N	are	set	to	168 

a	percentage	of	its	actual	height	above	sea	level,	and	simulations	are	done	for	every	10%	up	to	169 

120%.		In	the	manuscript,	the	10%	simulation	is	hereafter	referred	to	as	the	‘no	Plateau’	170 

simulation	(figure	2b),	whereas	the	100%	simulation	is	the	‘full	Plateau’	simulation.			Same	as	171 

for	the	‘full	Plateau’	simulation,	the	‘no	Plateau’	simulation	is	run	for	25	years,	with	the	last	20	172 

years	used	to	form	the	climatology;	our	key	analyses	use	these	two	simulations	(the	same	two	173 
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simulations	were	previously	used	in	Wu	et	al.	2017).		All	other	reduced	height	simulations	are	174 

run	for	12	years,	with	the	last	10	years	used	to	form	the	climatology.			The	‘thin	Plateau’	case	175 

sets	the	topography	west	of	100°E	to	‘no	Plateau’,	but	uses	the	actual	topography	to	the	east	of	176 

100°E;	this	leaves	the	easternmost	part	of	the	Plateau	intact,	but	otherwise	flattens	it	(figure	177 

2c).			178 

We	also	perform	a	set	of	idealized	simulations	with	the	aquaplanet	configuration	of	179 

CAM5	to	investigate	the	basic	ingredients	of	East	Asian	monsoon	seasonality	(section	6).	We	180 

use	the	CAM5	implemented	in	the	Community	Earth	System	Model	version	1.2.2.1	(Hurrell	et	181 

al.,	2013),	and	with	0.9°×1.25°	horizontal	resolution	and	30	layers	in	the	vertical.		To	allow	for	182 

a	realistic	seasonal	migration	of	the	westerlies,	we	include	the	seasonal	cycle	in	the	boundary	183 

conditions,	in	particular	prescribing	a	seasonally-varying	but	zonally	symmetric	SST.			We	derive	184 

this	SST	by	zonally	averaging	the	monthly	climatological	(1979-2017)	1000mb	temperature	field	185 

from	the	NCEP/NCAR	reanalysis	(Kalnay	et	al.	1996),	excluding	temperatures	over	the	region	186 

20-80°N,	0-120°E;	this	was	done	to	exclude	Asia	from	the	zonal	average.		The	resulting	187 

temperature	profile	was	smoothed	spatially	to	eliminate	sharp	latitudinal	variations	in	188 

temperature.		Finally,	we	set	values	below	zero	degree	C	to	zero.		For	the	base	aquaplanet	189 

configuration,	we	turned	off	the	land	model	and	ice	model	and	set	the	atmospheric	distribution	190 

of	ozone	and	aerosol	to	be	globally	uniform.		With	the	next	configuration	(‘idealized	land-only’),	191 

we	additionally	introduce	an	idealized	rectangular	landmass	of	zero	height	across	0°-120°E	and	192 

20°-80°N	to	mimic	a	flat	Asian-like	continent.		To	avoid	zonal	asymmetry	over	land,	we	set	the	193 

soil	color	and	vegetation	types	on	the	land	to	the	zonal	averages	of	the	area.		For	the	‘idealized	194 

land+Plateau’	configuration,	we	additionally	introduce	the	Tibetan	Plateau	in	the	model	land	195 
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surface,	and	at	the	same	latitude/longitude	location	as	the	real	Plateau,	by	setting	surface	196 

geopotential	across	25°-45°N	and	65°-105°E	to	today’s	value.	Elevations	lower	than	500m	in	197 

this	region	were	set	to	zero.			In	the	‘idealized	Plateau-only’	simulation,	we	only	impose	land	198 

(including	the	topography)	of	the	Tibetan	Plateau	region	(25°-45°N	and	65°-105°E);	outside	this	199 

region,	fixed	SSTs	are	imposed	as	in	the	base	aquaplanet	state.	Each	idealized	run	was	200 

integrated	for	35	years,	with	the	last	30	years	used	for	analysis.		Table	1	summarizes	the	set	of	201 

idealized	experiments	and	their	configurations.		202 

	203 

2.2	 Simulated	East	Asian	Rainfall	Climatology	204 

Figure	1b	shows	the	precipitation	in	the	full	Plateau	simulation,	highlighting	the	timing	205 

of	the	seasonal	stages.			The	model	clearly	simulates	the	sequence	of	intraseasonal	stages	over	206 

land	(north	of	~24°N).		Moreover,	the	model	appears	to	simulate	the	differences	in	the	rainfall	207 

type	between	stages:	as	shown	in	figure	3(a)	and	(b),	simulated	precipitation	during	the	Spring	208 

stage	is	entirely	large-scale,	consistent	with	the	persistent	nature	observed	in	the	real	world;	209 

precipitation	during	the	pre-Meiyu	and	Meiyu	stages		is	a	mixture	of	large-scale	and	convective,	210 

consistent	with	the	frontal	nature	of	rainfall	during	those	periods;	and	simulated	precipitation	211 

during	Midsummer	is	largely	convective,	as	observed.				However,	there	are	differences	in	the	212 

timing	and	duration	of	the	intraseasonal	stages.		The	rainfall	over	the	South	China	Sea	is	not	213 

well	simulated;	this	is	partly	a	consequence	of	using	prescribed	SST	rather	than	using	a	model	214 

with	interactive	SST.		We	find	that	the	CAM5	coupled	to	a	slab	ocean	model	does	simulate	a	215 

more	realistic	climatology	over	the	South	China	Sea	(not	shown),	supporting	this	interpretation.			216 
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Since	our	focus	is	on	the	rainfall	north	of	24°N,	we	do	not	think	that	this	unduly	affects	our	217 

results.	218 

We	obtain	the	timing	of	the	seasonal	stages	objectively	using	a	Self-Organizing	Map	219 

(SOM)	analysis	of	climatological	rainfall;	the	methodology	and	its	application	to	identification	of	220 

the	intraseasonal	stages	was	first	used	by	(Kong	et	al.	2017).		The	idea	is	that	the	intraseasonal	221 

stages	are	quasi-stationary,	and	thus	readily	identifiable	through	SOM	analysis	of	the	daily	222 

rainfall	climatology	applied	to	the	East	Asian	region.		We	follow	a	similar	prescription	to	what	is	223 

used	in	Kong	et	al.	(2017),	and	refer	to	that	paper	(section	2c)	for	details	on	the	method.		224 

However,	we	differ	slightly	from	the	Kong	et	al.	(2017)	method	in	that	we	use	both	the	225 

simulated	convective	and	large-scale	rainfall	fields,	rather	than	simply	the	total	rainfall	field;	the	226 

additional	information	allowed	for	a	more	accurate	determination	of	the	stages,	since	the	227 

relative	fraction	of	convective	and	large-scale	rainfall	changes	with	each	intraseasonal	stage.		228 

We	also	use	data	averaged	over	pentads,	rather	than	using	daily	climatologies;	this	is	in	keeping	229 

with	our	subsequent	analysis	that	uses	pentad	averaging.			230 

Table	2	shows	the	derived	timing	for	the	intraseasonal	stages,	using	the	SOM	method.	231 

The	timings	of	the	simulated	stages	are	comparable	to	the	observed	except	for	the	termination	232 

of	the	Meiyu	stage,	which	occurs	in	mid-July	in	observations,	but	on	June	29	in	the	model;	this	233 

results	in	a	significantly	shorter	simulated	Meiyu	stage,	and	a	longer	Midsummer	stage.		In	234 

observations,	an	earlier	Meiyu	termination	occurs	for	some	years	related	to	one	phase	of	the	235 

‘tripole’	mode	of	interannual	variability	in	the	July-August	East	Asian	rainfall,	and	also	by	~2	236 

weeks	(Chiang	et	al.	2017);	so	this	earlier	termination	is	physically	plausible	and	(as	shown	by	237 

Chiang	et	al.	2017)	is	related	to	an	earlier	northward	migration	of	the	westerlies.	238 
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	 The	position	of	the	simlulated	westerlies	relative	to	the	Plateau	for	each	stage	is	shown	239 

in	figure	4,	second	row.		There	is	a	good	resemblance	both	in	terms	of	the	structure	and	240 

meridional	positioning	of	the	westerlies	for	each	stage	compared	to	the	observed	(figure	4,	top	241 

row);	the	core	of	the	westerlies	straddle	the	northern	edge	of	the	Plateau	(~40°N)	during	the	242 

Meiyu,	but	is	to	the	south	of	this	during	the	pre-Meiyu	and	to	the	north	of	this	during	243 

Midsummer.		This	resemblance	is	remarkable	given	that	the	timing	of	the	simulated	stages	244 

differs	from	the	observed;	in	plotting	the	simulated	westerlies	using	the	observed	timing	of	the	245 

stages,	clear	differences	between	the	observed	and	simulated	westerlies	are	apparent	(not	246 

shown).		This	result	is	consistent	with	the	hypothesis	that	the	intraseasonal	stages	are	247 

determined	by	the	configuration	of	the	westerlies	relative	to	the	Plateau.	248 

	249 

3.	 Simulations	removing	the	Tibetan	Plateau	250 

A	set	of	simulations	systematically	altering	the	elevation	of	the	Plateau	is	done	to	illustrate	the	251 

direct	effect	of	the	Plateau	on	the	East	Asian	summer	monsoon.		While	there	have	been	many	252 

modeling	studies	examining	the	effects	of	reducing	the	Plateau	(e.g.	Abe	et	al.	2003;	Chen	and	253 

Bordoni	2014;	Kitoh	2004)	none	have	explicitly	focused	on	the	origins	of	seasonal	stages	over	254 

East	Asia.		When	the	Plateau	is	flattened	to	10%	of	its	current	thickness	(‘no	Plateau’	255 

simulation),	the	seasonal	transitions	disappear,	leaving	instead	a	single	summer	rainfall	season	256 

with	an	onset	around	the	start	of	the	Meiyu	stage	and	termination	around	the	end	of	the	257 

Midsummer	stage	(figure	5e).		Moreover,	the	rainfall	is	almost	entirely	convective,	as	opposed	258 

to	the	full	Plateau	case	where	there	is	a	mix	of	large-scale	and	convective	rainfall	(figure	3c).				259 
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In	the	absence	of	the	Plateau,	the	rainfall	seasonality	over	East	Asia	qualitatively	resembles	that	260 

expected	of	a	subtropical	monsoon	system.	261 

As	the	Plateau	height	is	progressively	increased,	the	seasonal	characteristics	of	today’s	262 

East	Asian	monsoon	emerge	(figures	5a-d).		It	clearly	shows	the	pattern	of	rainfall	263 

systematically	evolving	from	the	‘no	Plateau’	case	(figure	5e)	–	with	the	one	summer	rainy	264 

season	–	to	the	‘full	Plateau’	case	with	the	intraseasonal	stages	(figure	5a).		Three	features	are	265 

particularly	noticeable.		First,	the	rainfall	over	the	Spring	and	pre-Meiyu	stages	increase	266 

significantly	as	the	Plateau	height	is	increased,	and	the	increase	is	almost	entirely	due	to	the	267 

increase	in	large-scale	rainfall	(figure	3b).		Second,	the	northward	migration	of	rainfall	during	268 

the	Meiyu	period	emerges	with	increasing	Plateau	elevation,	and	this	rainfall	is	comprised	of	269 

both	large-scale	and	convective	rainfall	in	roughly	similar	amounts.		In	contrast,	for	low	Plateau	270 

heights	the	rainfall	is	weak	during	the	period	corresponding	to	the	Meiyu	and	mostly	271 

convective,	and	stays	largely	over	southeastern	China.		Third,	for	high	Plateau	heights	the	272 

Midsummer	stage	rainfall	is	concentrated	over	northern	China	and	the	Korean	peninsula,	and	it	273 

is	relatively	dry	over	central	and	southern	China;	for	low	Plateau	heights,	the	pattern	is	274 

reversed.		The	overall	intensity	of	rainfall	also	increases	with	increasing	Plateau	thickness;	this	275 

feature	has	been	noted	previously	(e.g.	Abe	et	al.	2003).		276 

	277 

4.	 The	downstream	extratropical	northerlies	and	the	intraseasonal	stages	278 

The	introduction	of	the	Tibetan	Plateau	thus	leads	to	the	emergence	of	the	intraseasonal	279 

stages.		We	argue	that	the	key	circulation	feature	that	leads	to	this	emergence	are	the	280 

extratropical	upper	and	mid-tropospheric	northerlies	that	appear	downstream	of	the	Plateau,	281 
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centered	around	northeastern	China.		We	elaborate	in	the	next	section	the	dynamical	reasons	282 

why	the	northerlies	are	important;	here,	we	first	show	that	these	northerlies	are	a	direct	result	283 

of	the	presence	of	the	Plateau,	and	that	its	evolution	across	the	summer	months	are	consistent	284 

with	the	rainfall	intraseasonal	stages.	285 

The	midtropospheric	northerlies	introduced	by	the	presence	of	the	Plateau,	centered	286 

over	northeastern	China,	are	shown	in	figure	6.		They	are	prominent	during	the	Spring	and	pre-287 

Meiyu	stages	(figure	6a,	b),	but	weaken	during	the	Meiyu	(figure	6c)	and	disappear	by	the	288 

Midsummer	(figure	6d),	to	be	replaced	instead	by	lower	tropospheric	southerlies.		The	289 

northerlies	advect	colder	and	drier	extratropical	air	southwards	to	central	eastern	China,	where	290 

they	meet	up	with	warm	and	moist	air	from	the	tropics	(figure	7a).		During	the	Spring	and	pre-291 

Meiyu,	these	two	opposing	flows	meet	over	central	China,	consistent	with	the	rainfall	being	292 

located	there.			With	the	start	of	the	Meiyu	stage	however,	the	northerlies	weaken	and	the	293 

latitude	where	the	two	flows	meet	shifts	northwards	(figure	7a),	in	sync	with	the	northward	294 

migration	of	the	rainband.		With	Meiyu	termination,	the	northerlies	disappear	completely	and	295 

the	lower	tropospheric	monsoonal	southerlies	–	which	were	restricted	to	southeastern	China	296 

prior	to	Meiyu	termination	-		now	penetrate	all	the	way	into	northeastern	China	(figure	7b),	and	297 

the	Midsummer	rainfall	locates	itself	there.		The	extratropical	northerlies	re-establish	at	the	298 

end	of	the	Midsummer	and	beginning	of	the	Fall	stage.														299 

This	co-variation	between	the	rainfall	stages	and	the	extratropical	northerlies	suggests	300 

that	the	strength	of	the	midtropospheric	northerlies	over	northern	China	is	key	to	301 

understanding	the	intraseasonal	evolution,	specifically	the	northward	migration	of	the	Meiyu	302 

and	transition	to	the	Midsummer.		As	the	westerlies	shift	northwards	relative	to	the	Plateau,	303 
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the	extratropical	northerlies	become	weaker	until	the	westerlies	are	no	longer	significantly	304 

influenced	by	the	Plateau.		On	the	other	hand,	as	summer	progresses	the	tropical	southerly	305 

monsoonal	flow	increases.		The	lower	and	midtropospheric	southerly	flow	is	actually	strongest	306 

in	the	Meiyu	stage,	but	we	will	argue	that	this	is	in	response	to	the	diabatic	heating	caused	by	307 

the	Meiyu	rainband	(see	section	5).		308 

We	explicitly	test	the	role	of	the	Plateau	in	generating	the	northerlies	with	an	idealized	309 

simulation.		Mechanically-driven	stationary	eddies	are	produced	by	mountain	ranges	with	310 

significant	zonal	width	like	the	Tibetan	Plateau	or	the	Rockies	(Bolin	1950);	the	Andes	on	the	311 

other	hand	are	thought	to	be	too	narrow	to	produce	appreciable	stationary	eddy	circulations,	312 

at	least	through	mechanical	effects	(Lenters	et	al.	1995).		This	insight	motivates	us	to	perform	313 

an	idealized	‘thin	Plateau’	simulation	where	we	terminate	the	Tibetan	Plateau	at	100°E,	so	that	314 

the	topography	to	the	west	of	the	Plateau	resembles	the	‘no	Plateau’	simulation,	but	the	315 

topography	remains	the	same	to	the	east	(figure	2c).		In	principle,	the	Plateau	topography	in	316 

this	simulation	should	be	too	narrow	longitudinally	to	produce	significant	midlatitude	317 

stationary	eddies.				318 

Consistent	with	our	hypothesis,	precipitation	in	the	‘thin	Plateau’	simulation	(figure	3e	319 

and	f),	does	not	reproduce	the	intraseasonal	stages	simulated	in	the	‘full	Plateau’	simulation	320 

(figure	3a	and	b).		Notably,	there	is	negligible	large-scale	rainfall	in	the	pre-Meiyu	through	321 

Midsummer	periods	(figure	3f),	and	no	northward	migration	of	rainfall	during	the	Meiyu	period.		322 

Rather,	the	convective	rainfall	appears	to	stay	over	southeastern	China	during	the	Meiyu	time	323 

period,	and	then	occupies	northern,	central	and	southeastern	China	during	the	Midsummer	324 

period	(figure	3e);	this	is	unlike	the	‘full	Plateau’	case	where	convective	rainfall	locates	itself	325 
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over	northeastern	China	in	the	Midsummer	period,	leaving	a	‘hole’	in	rainfall	over	central	326 

eastern	China.		Taken	together,	these	results	suggest	that	the	stationary	eddy	influence	of	the	327 

Plateau	is	responsible	for	a	significant	fraction	of	the	pre-Meiyu	and	Meiyu	rains,	as	well	as	the	328 

northward	migration	of	the	Meiyu	rainband.		In	support	of	the	latter	interpretation,	the	Thin	329 

Plateau	simulation	lacks	the	extratropical	northerly	response	downstream	of	the	Plateau	(figure	330 

6e-h);	and	furthermore,	the	meridional	position	of	the	upper-level	westerlies	does	not	change	331 

significantly	between	the	‘no	Plateau’	runs	and	‘thin	Plateau’	simulations	(not	shown).			332 

Interestingly,	the	‘thin	Plateau’	simulation	does	exhibit	a	more	northward	penetration	of	333 

convective	rainfall	into	central	and	northeastern	China	during	the	Midsummer	rainfall	stage	334 

(figure	3e),	relative	to	the	‘no	Plateau’	case	where	the	convective	rainfall	is	more	weighted	335 

towards	southeastern	China	(figures	3c).			This	might	be	the	result	of	a	‘barrier	effect’	in	that	336 

the	Plateau	blocks	the	import	of	relatively	low	moist	static	energy	air	from	the	Eurasian	337 

continental	interior	by	the	westerlies	into	East	Asia,	similar	to	what	is	argued	for	the	South	338 

Asian	monsoon	(Boos	and	Kuang	2010).		Chou	and	Neelin	(2003)	originally	argued	for	this	to	be	339 

a	limiting	factor	in	the	northward	progression	of	the	tropical	rainband,	pointing	to	its	potential	340 

role	in	the	northward	extent	of	the	East	Asian	Summer	monsoon.			341 

	342 

5.	 Interaction	between	the	monsoonal	circulation	and	extratropical	northerlies	343 

We	posit	two	distinct	influences	on	East	Asian	monsoon	seasonality.		The	first	is	the	southerly	344 

monsoonal	flow	driven	by	land-ocean	contrasts	typical	of	a	subtropical	monsoon	system	345 

(specifically	the	pressure	difference	between	the	Asian	continent	and	the	western	Pacific	346 

subtropical	high).		The	second	–	and	what	makes	the	East	Asian	monsoon	distinct	-	is	the	347 
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extratropical	northerly	influence	downstream	of	the	Plateau	due	to	the	westerlies	impinging	on	348 

the	Plateau.			The	subtropical	monsoon	circulation	is	obvious	for	understanding	the	East	Asian	349 

monsoon	seasonality,	but	the	focus	on	the	extratropical	northerlies	is	less	so.			Motivation	for	350 

doing	so	comes	from	a	recent	study	by	Chen	and	Bordoni	(2014)	that	highlighted	the	central	351 

role	of	the	meridional	stationary	eddy	circulation	downstream	of	the	Plateau	for	the	352 

maintenance	of	the	Meiyu	rainband.		From	analysis	of	the	moist	static	energy	budget,	they	353 

argued	that	the	moist	enthalpy	advection	by	the	meridional	stationary	eddy	circulation	was	key	354 

for	energetically	sustaining	the	rainband;	moreover,	the	removal	of	the	Plateau	changes	the	355 

stationary	enthalpy	flux	primarily	through	altering	the	meridional	stationary	eddy	circulation.		356 

Their	results	have	clear	resonance	with	our	own	simulations	in	removing	the	Plateau.		If	the	357 

strength	of	the	extratropical	northerlies	change	as	summer	progresses,	it	will	have	a	direct	358 

impact	on	the	seasonal	evolution	of	East	Asian	rainfall.	359 

	 We	illustrate	the	two	distinct	flows	and	their	evolution	through	cross-sections	of	the	360 

observed	meridional	wind	just	downstream	of	the	Plateau	over	eastern	China	(110-125°E)	361 

(figure	8	a-e).		During	Spring	(figure	8a),	the	meridional	winds	possesses	a	barotropic	structure	362 

with	southerlies	south	of	30°N	and	northerlies	to	the	north;	this	resembles	the	reconvergence	363 

of	the	split	jet	downstream	of	the	Plateau,	and	indeed	the	zonal	winds	over	the	Plateau	shows	364 

the	characteristics	of	a	split	jet	during	this	time	(figure	4a).		The	extratropical	northerlies	persist	365 

in	the	pre-Meiyu	stage	(figure	8b),	but	the	tropical	southerlies	changes	from	a	more	barotropic	366 

structure	in	Spring	to	a	more	baroclinic	structure	with	strong	southerlies	in	the	mid	and	lower	367 

troposphere.		We	interpret	the	absence	of	the	barotropic	southerlies	to	the	demise	of	the	split	368 

jet	as	the	westerlies	shift	away	from	the	southern	part	of	the	Plateau	(figure	2b).		The	lower	369 
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tropospheric	southerlies	are	due	to	the	strengthening	of	the	low-level	monsoonal	flow	as	370 

summer	progresses	and	to	the	diabatic	heating	caused	by	the	rainband	itself	(more	on	this	371 

later).		The	convergence	of	the	tropical	southerlies	and	extratropical	northerlies	results	in	a	372 

dynamically-induced	humidity	front	around	29°N	that	determines	the	location	of	the	rainband.		373 

During	the	Meiyu	stage	(figure	8c),	the	extratropical	northerlies	weaken	while	the	lower	and	374 

mid-tropospheric	tropical	southerlies	strengthen;	as	a	result,	the	humidity	front	shifts	farther	375 

northwards	to	around	33°N,	leading	to	the	northward	migration	of	the	Meiyu	rainband.		By	the	376 

Midsummer	stage	(figure	8d),	the	extratropical	northerlies	disappear	as	the	westerlies	move	377 

north	of	the	Plateau;	what	remains	is	a	lower-tropospheric	southerly	monsoonal	flow	that	378 

penetrates	into	northern	China	and	brings	moisture	there	(cf	figure	7b).		In	the	Fall	stage,	the	379 

westerlies	move	back	to	the	north	of	the	Plateau,	and	the	extratropical	northerlies	reappear	380 

(figure	8e).	381 

A	question	with	our	interpretation	above	is	the	relative	contributions	of	the	monsoonal	and	382 

extratropical	northerly	flows;	we	support	our	interpretation	by	examining	the	same	for	the	383 

difference	between	the	full	Plateau	and	no	Plateau	simulations;	the	circulation	in	the	latter	384 

experiment	is	assumed	to	be	from	the	monsoonal	influence	only.		First	note	that	the	full	385 

Plateau	simulations	exhibit	a	intraseasonal	behavior	in	meridional	wind	and	specific	humidity	386 

that	closely	resembles	the	observed	(contrast	Fig	8	f-j	with	Fig	8a-e),	giving	us	the	confidence	to	387 

use	these	simulations;	the	one	notable	exception	being	the	tropical	southerlies	during	Spring,	388 

which	do	not	have	a	barotropic	structure.		By	contrast,	the	same	fields	for	the	‘no	Plateau’	389 

simulation	(Fig	8k-o)	shows	a	very	different	structure,	with	low-level	monsoonal	southerlies	390 

during	the	pre-Meiyu,	Meiyu	and	Midsummer	stages	but	no	corresponding	extratropical	391 
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northerlies;	instead,	the	northerlies	above	are	weak	and	centered	in	the	subtropics	as	would	be	392 

expected	of	the	return	flow	of	a	Hadley-like	circulation.				393 

				The	difference	between	the	‘full	Plateau’	and’	no	Plateau’	simulations	reveals	the	394 

contribution	of	the	Plateau	to	the	meridional	circulation,	as	shown	in	figure	8p-t.		For	the	Spring	395 

through	Meiyu	periods,	the	Plateau	influence	on	the	meridional	winds	is	consistent	with	the	396 

interpretation	we	provide	above,	namely	(i)	part	of	the	lower-tropospheric	southerly	flow	is	397 

monsoonal	in	origin,	independent	of	the	Plateau;	and	(ii)	the	extratropical	northerlies	are	a	398 

consequence	of	the	Plateau,	as	are	the	lower-midtropospheric	tropical	southerlies.		They	also	399 

show	that	the	Plateau	influence	recedes	during	Midsummer,	consistent	with	the	picture	that	400 

the	westerlies	have	shifted	north	of	the	Plateau	during	this	time.					401 

The	difference	in	the	specific	humidity	between	the	full	and	no	Plateau	simulations	(figure	402 

8p-t)	also	reveals	the	dynamical	nature	of	the	humidity	front,	and	the	role	of	the	Plateau	in	403 

setting	this	up.		The	lower	tropospheric	specific	humidity	increases	where	the	tropical	404 

southerlies	are	present,	and	decreases	where	the	extratropical	northerlies	are	present;	and	in	405 

particular	the	humidity	increases	the	most	at	the	northern	edge	of	the	southerlies	(contrast	406 

figures	8g	with	8q,	and	8h	with	8r).		We	conclude	that	the	Plateau	plays	a	decisive	role	in	407 

establishing	the	meridional	convergence	and	position	of	the	humidity	front	from	the	Spring	408 

through	Meiyu	stages.		409 

The	question	remains	as	to	where	the	tropical	southerlies	–	apart	from	the	lower-410 

tropospheric	monsoonal	contribution	–	originate	from.		We	interpret	those	southerlies	to	411 

result,	in	part,	from	the	response	to	diabatic	heating	induced	by	the	rainband	convection,	412 

occurring	just	south	of	the	humidity	front.		The	diabatic	heating	leads	to	vertical	motion	413 
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peaking	in	the	mid-troposphere	(figure	9a-e);	by	Sverdrup	balance,	the	stretching	of	the	414 

atmospheric	column	below	the	vertical	motion	peak	must	be	balanced	by	a	southerly	flow	415 

(Rodwell	and	Hoskins	2001);	this	approximately	explains	the	tropical	southerlies,	at	least	in	the	416 

vicinity	of	the	vertical	motion.		The	Full	Plateau	simulations	provide	a	remarkably	similar	picture	417 

to	the	observations	(cf	fig	9a-e	with	fig	9f-j).		Thus,	the	tropical	southerlies	just	south	of	the	418 

humidity	front,	during	the	pre-Meiyu	and	Meiyu,	is	a	feedback	response	to	the	convective	419 

heating,	and	the	flow	in	turn	maintains	the	convection	through	the	import	of	tropical	moisture.	420 

In	summary,	the	intraseasonal	evolution	of	the	East	Asian	monsoon	results	from	an	421 

interaction	between	the	tropical	southerly	monsoonal	flow	and	the	extratropical	northerly	422 

flow.		The	extratropical	northerlies	limit	the	northward	penetration	of	the	monsoonal	flow,	423 

resulting	in	a	humidity	front	and	rainfall	at	the	convergence	between	these	two	flows.		The	424 

resulting	diabatic	heating	leads	to	a	strengthening	of	the	tropical	lower	and	midtropospheric	425 

southerlies,	reinforcing	the	moisture	transport,	convergence,	and	humidity	front	and	426 

supporting	further	convection.		When	the	Meiyu	commences,	the	monsoonal	flow	strengthens	427 

while	the	extratropical	northerly	flow	weakens,	resulting	in	a	northward	migration	of	the	428 

humidity	front	and	rainband.		When	the	westerlies	shift	north	of	the	Plateau	during	the	429 

Midsummer,	the	extratropical	northerlies	disappear	and	only	the	monsoonal	low-level	430 

southerlies	remain;	as	a	result,	the	rainband	disappears,	and	without	the	northerlies	to	431 

constrain	the	flow,	the	monsoon	penetrates	to	northeastern	China.			432 

	433 

6.	 The	basic	ingredients	of	East	Asian	Monsoon	Seasonality	434 
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The	separate	and	contrasting	roles	of	the	low-level	monsoonal	flow	and	stationary	eddy	435 

circulation	driven	by	the	Plateau	suggests	two	basic	ingredients	of	East	Asian	Monsoon	436 

seasonality:	(i)	a	landmass	covering	the	subtropics	and	midlatitudes	that	provides	a	land-ocean	437 

contrast,	specifically	leading	to	a	subtropical	high	to	the	east	that	drives	a	southerly	flow	into	438 

the	eastern	part	of	the	continent;	and	(ii)	a	Plateau	of	sufficient	longitudinal	and	latitudinal	439 

width	to	the	west	of	the	eastern	landmass,	and	located	sufficiently	north	so	that	the	core	of	the	440 

westerlies	impinges	on	it	during	the	Spring	months	and	migrates	to	the	north	of	it	during	the	441 

summer.			442 

	 To	test	this	idea,	we	produce	a	set	of	simulations	imposing	an	idealized	landmass	and	443 

Plateau	in	an	otherwise	featureless	aquaplanet	with	imposed	SST.		Section	2.1	describes	the	444 

details	of	the	simulations,	but	the	essential	aspects	are	that	the	imposed	SST	is	zonally	445 

symmetric	and	seasonally	varying,	and	the	insolation	is	also	prescribed	to	be	seasonally	varying;	446 

these	boundary	conditions	allows	for	a	reasonably	realistic	northern	hemisphere	westerlies	447 

including	its	seasonal	migration.			The	landmass	is	idealized	(rectangular	in	lat-lon	space)	and	is	448 

sized	and	positioned	to	roughly	represent	the	Asian	landmass;	and	the	Plateau	is	the	actual	449 

Tibetan	Plateau	as	represented	in	CAM5.		Our	control	simulation	is	the	base	aquaplanet	with	450 

neither	landmass	nor	Plateau.		We	then	undertake	three	additional	simulations:	(i)	land	but	no	451 

Plateau	(hereafter	the	‘idealized	land-only’	run;	(ii)	land	and	Plateau	(hereafter	the	‘idealized	452 

land+Plateau’	run);	and	(iii)	aquaplanet	with	imposed	SST	as	before,	but	including	an	embedded	453 

Plateau	(hereafter	‘idealized	Plateau	only’	run);	454 

The	seasonal	rainfall	associated	with	the	idealized	land-only	simulation	is	shown	in	455 

figure	10a.		As	with	the	‘no	Plateau’	simulation,	it	produces	only	one	rainy	season	in	the	456 
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summer	and	almost	entirely	from	convective	rainfall.		The	rainfall	is	relatively	weak,	in	457 

particular	north	of	30°N	(note	that	the	idealized	land	extends	as	far	south	as	20°N	here,	458 

whereas	the	coastline	of	southeastern	China	is	~24°N).		With	the	addition	of	a	Tibetan-like	459 

Plateau	on	top	of	the	subtropical	land,	intraseasonal	rainfall	stages	emerge	(fig	10b)	that	is	460 

similar	to	those	in	the	‘full	Plateau’	simulation,	with	a	northward	migration	during	the	Meiyu-461 

like	stage	and	a	northward-displaced	rainfall	maximum	in	the	Midsummer	like	stage.		The	462 

rainfall	is	also	significantly	more	intense	over	the	spring	and	summer	months,	in	large	part	to	463 

the	contribution	of	large-scale	rainfall	that	is	absent	in	the	idealized	land-only	simulation.			464 

The	introduction	of	the	Plateau	in	the	idealized	land+Plateau	simulation	produces	465 

seasonally-evolving	extratropical	northerlies,	similar	to	the	‘full	Plateau’	case	when	contrasted	466 

against	the	‘no	Plateau’	simulation	(figure	6).		We	use	the	500mb	meridional	wind	to	identify	467 

the	timings	of	the	Meiyu	and	Midsummer-like	stages	in	the	idealized	land+Plateau	simulation	468 

(figure	10c).		The	weakening	and	northward	retreat	of	the	extratropical	northerlies	occurs	469 

around	pentad	32	(early	June)	marks	the	start	of	the	Meiyu-like	period,	and	the	disappearance	470 

of	the	northerlies	around	pentad	40	(mid-July)	marks	the	start	of	the	Midsummer-like	period;	471 

this	period	ends	around	pentad	45	(early	August).		These	timings	are	marked	with	vertical	472 

dashed	lines	in	figure	10.		473 

We	contrast	further	the	difference	between	the	idealized	land	only	and	idealized	474 

land+Plateau	simulations	for	the	Meiyu-like	and	Midsummer-like	periods	(figures	11	and	12).		475 

For	the	Meiyu-like	(pentads	32-39,	early	June	to	mid-July)	period	in	the	idealized	land-only	476 

simulation	(figure	11a	and	12a)	there	is	a	subtropical	high	to	the	east	over	the	ocean,	and	a	477 

monsoonal	flow	that	brings	high	moist	static	energy	air	to	the	southeastern	portion	of	the	478 
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continent	and	hence	rainfall.		North	of	this	is	the	westerly	regime,	bringing	low	moist	static	479 

energy	air	from	the	continental	interior.		As	the	season	progresses	to	the	Midsummer-like	480 

period	(pentads	40-43,	mid-July	to	early	August),	the	high	moist	static	energy	region	near	the	481 

eastern	coastline	migrates	northwards	and	the	rainfall	along	with	it;	this	is	accompanied	by	the	482 

northward	expansion	of	the	subtropical	high,	and	with	it	the	boundary	of	the	westerlies	(figure	483 

11b	and	12b).			484 

This	picture	changes	dramatically	with	the	addition	of	a	Tibetan-like	Plateau	on	top	of	485 

the	subtropical	land.		The	Meiyu-like	period	(figure	11c	and	12c)	features	a	tilted	rainband	486 

structure	extending	from	just	downstream	of	the	Plateau	northeastwards	out	in	the	ocean.	The	487 

rainfall	itself	is	also	more	intense	than	in	the	idealized	land	only	simulation,	because	of	the	488 

stronger	tropical	southerly	flow	as	indicated	by	a	larger	zonal	contrast	between	the	925mb	489 

geopotential	height	just	east	of	the	Plateau,	with	the	subtropical	high	to	the	east	(figure	11c).		490 

This	southerly	flow	is	bounded	to	the	north	where	it	is	met	by	a	northerly	flow	from	north	of	491 

the	plateau,	bringing	cold	and	dry	air;	this	convergence	marks	the	location	of	the	rainband	492 

structure.		When	the	Midsummer-like	stage	is	reached	(figure	11d	and	12d),	the	rainfall	has	493 

shifted	northwards,	and	the	rainband	structure	is	reduced.			The	subtropical	high	extends	494 

northwards	(as	in	the	land-only	case),	allowing	for	an	increased	northward	penetration	of	high	495 

moist	static	energy	air	over	land	to	the	east	of	the	Plateau.		The	northerly	flow	at	the	northern	496 

edge	of	the	Plateau,	while	still	apparent,	is	much	reduced	compared	to	the	Meiyu-like	period;	497 

thus,	there	is	less	of	a	meridional	convergence	and	therefore	a	reduced	rainband	structure.	498 

The	intensification	of	the	tropical	southerly	flow	above	suggests	a	direct	effect	of	the	499 

Plateau	on	the	meridional	flow.		To	show	this,	we	examine	an	additional	run	where	only	the	500 
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Plateau	is	embedded	in	the	base	aquaplanet	state.		Results	(figure	11	e-f	and	12e-f)	show	the	501 

presence	of	the	subtropical	high	to	the	east	of	the	Plateau,	despite	there	being	no	continental-502 

sized	land	present;	a	similar	result	was	found	by	Takahashi	and	Battisti	(2007).		However,	unlike	503 

the	idealized	land-only	simulation	where	the	southerlies	occur	at	the	eastern	edge	of	the	504 

subtropical	land,	in	the	Plateau-only	simulation	the	strongest	southerly	flow	occurs	just	off	the	505 

eastern	edge	of	the	Plateau;	this	flow	resembles	a	low-level	jet	hugging	its	eastern	boundary	506 

(figure	11e-f),	reminiscent	of	the	Great	Plains	low-level	jet	over	North	America	(Higgins	et	al.	507 

1997).		Thus,	the	low-level	monsoon-like	flow	is	contributed	both	from	the	classic	land-ocean	508 

contrast	and	from	direct	influence	by	the	Plateau,	with	the	former	responsible	for	the	tropical	509 

southerly	flow	away	from	the	eastern	edge	of	the	Plateau	(contrast	figures	11a-b	with	11e-f).		510 

Without	the	influence	of	the	land-ocean	contrast,	moisture	transport	to	the	rainband	is	511 

reduced,	and	this	is	reflected	in	the	relatively	low	rainfall	within	the	rainband	in	the	‘idealized	512 

Plateau-only’	simulation	(figures	12e-f).								513 

	There	are	unrealistic	aspects	of	the	idealized	simulations	compared	to	observations,	514 

precluding	a	more	definitive	comparison	to	reality;	in	particular,	the	meridional	migration	of	515 

the	rainfall	in	the	idealized	land+Plateau	simulation	is	muted	compared	to	more	realistic	516 

simulations.		Regardless,	the	qualitative	structure	is	apparent,	and	there	is	a	Meiyu-like	517 

northward	migration.	There	are	clearly	other	factors	to	be	considered	–	for	example,	the	518 

influence	of	the	Yunnan	Plateau	or	the	role	of	the	South	Asian	monsoon.		This	exploration	will	519 

be	left	to	a	future	study.	520 

	521 

7.	 Summary	and	Discussion	522 
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The	East	Asian	summer	monsoon	is	distinct	from	other	monsoons	in	the	unique	intraseasonal	523 

stages	and	abrupt	transitions	between	them.		This	study	examines	the	origins	of	the	unique	524 

seasonality	of	the	East	Asian	monsoon	using	an	atmospheric	general	circulation	model	that	525 

simulates	the	seasonal	transitions	with	fidelity.		We	start	from	the	hypothesis	posed	by	Molnar	526 

et	al.	(2010)	that	the	intraseasonal	stages	result	from	the	downstream	effects	of	the	westerlies	527 

impinging	on	the	Plateau,	and	how	they	change	as	the	westerlies	migrate	north	as	the	season	528 

evolves.		The	central	role	of	the	Plateau	is	confirmed	in	a	simulation	that	removes	it	as	a	529 

boundary	condition;	this	leads	to	convective	rainfall	over	southeastern	China	with	only	one	530 

stage,	as	expected	of	a	‘conventional’	monsoon.		As	the	Plateau	is	‘grown’,	the	intraseasonal	531 

stages	emerge	and	the	rainfall	intensifies.		The	change	to	the	character	of	rainfall	is	largely	due	532 

to	the	emergence	of	large-scale	rainfall	resulting	from	the	downstream	stationary	eddy	533 

circulation	introduced	by	the	westerlies	impinging	on	the	Plateau.				534 

We	expand	the	original	hypothesis	proposed	by	Molnar	et	al.	(2010)	for	how	the	Plateau	535 

sets	up	the	pre-Meiyu	through	Midsummer	stages.		As	already	detailed	in	Molnar	et	al.	(2010),	536 

during	the	Spring	the	westerlies	straddle	the	Plateau	latitudinally,	splitting	the	westerlies	into	a	537 

northern	and	southern	branch.		They	re-converge	downstream	over	East	Asia,	bringing	cold	dry	538 

air	from	the	north	to	meet	with	warm	moist	air	from	the	south,	producing	a	humidity	front	539 

(figure	8a)	and	rainband	structure.		There	is	a	mechanical	lifting	of	the	warmer	and	moister	540 

southerly	flow,	bringing	about	the	persistent	Spring	rains.		During	the	pre-Meiyu,	the	westerlies	541 

begin	to	shift	northwards	across	the	Plateau.		The	extratropical	northerlies	are	still	present,	but	542 

farther	south	a	low-level	southerly	monsoonal	flow	emerges	that	bring	moisture	across	the	543 

South	China	Sea	towards	southeastern	China,	bringing	about	the	onset	of	convective	rainfall	544 
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there.		The	tropical	monsoonal	flow	meets	with	the	extratropical	northerlies,	intensifying	the	545 

convergence,	humidity	front	and	frontal	rainband.			546 

At	Meiyu	onset,	the	westerlies	have	shifted	to	the	northern	edge	of	the	Plateau	such	547 

that	the	extratropical	northerlies	over	northeastern	China	start	to	weaken;	while	at	the	same	548 

time,	the	low-level	monsoonal	southerlies	strengthen,	driven	by	increased	land-ocean	contrast.	549 

As	a	result,	the	locus	of	convergence,	the	humidity	front	and	the	Meiyu	rainband	all	migrate	550 

northwards.					At	the	onset	of	the	Midsummer	stage,	the	westerlies	have	shifted	sufficiently	551 

north	to	be	clear	of	the	influence	of	the	Plateau,	and	the	extratropical	northerlies	over	552 

northeastern	China	disappears	(figure	8d).		As	such,	the	monsoonal	low-level	winds,	now	553 

unimpeded	from	the	extratropical	northerlies,	penetrates	to	northeastern	China	(figure	7b);	the	554 

rainband	disappears	and	rainfall	becomes	largely	convective	in	nature.		Towards	the	end	of	the	555 

Midsummer	stage,	the	westerlies	again	migrate	over	the	Tibetan	Plateau	heading	southwards;	556 

the	extratropical	northerlies	again	reform	over	northeastern	China	(figure	7a),	leading	to	the	557 

termination	of	the	Midsummer	stage.								558 

The	key	to	the	unique	East	Asian	rainfall	seasonality	is	the	interaction	between	two	559 

distinct	circulations:	the	subtropical	monsoon	circulation	that	strengthens	as	summer	560 

progresses,	and	the	extratropical	northerlies	that	weakens	as	summer	progresses.		The	former	561 

circulation	is	typical	of	subtropical	monsoons,	but	the	latter	is	unique	to	East	Asia	resulting	from	562 

the	effect	of	the	Tibetan	Plateau	on	the	westerlies.		Thus,	the	basic	ingredients	needed	to	563 

produce	an	East	Asian-like	rainfall	seasonality	appears	to	be	(i)	a	subtropical	landmass	and	564 

neighboring	ocean	to	the	east,	to	produce	the	subtropical	monsoon;	and	(ii)	a	Plateau-like	565 

feature	to	the	west	of	the	eastern	coastline	of	this	continent,	embedded	within	the	westerlies	566 
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such	that	the	latter	straddles	the	Plateau	in	the	winter,	but	migrate	to	its	north	during	the	early	567 

summer	and	eventually	away	from	the	Plateau’s	influence	in	the	peak	of	summer.		In	this	sense,	568 

it	is	remarkable	that	the	Plateau	appears	to	be	fortuitously	positioned	to	generate	the	569 

intraseasonal	stages	seen	today.	570 

We	are	currently	investigating	the	dynamics	of	how	the	northerlies	are	generated	due	571 

to	the	presence	of	the	westerlies	impinging	on	the	Plateau	(Kong	and	Chiang,	to	be	submitted).			572 

The	edge	of	the	Plateau,	at	around	40°N,	appears	to	be	a	threshold	latitude	for	the	westerlies;	573 

when	the	peak	westerlies	at	the	longitudes	of	the	Plateau	shifts	off	40°N,	the	extratropical	574 

northerlies	weaken,	resulting	in	Meiyu	termination.		Also,	it	is	the	mechanical	influence	of	the	575 

topography,	rather	than	the	thermal,	that	appears	to	generate	the	northerly	behavior;	this	is	576 

consistent	with	Molnar	et	al.	(2010),	who	found	a	Meiyu-like	rainband	was	generated	simply	by	577 

imposing	a	Plateau-like	elevation	(i.e.	a	‘water	mountain’)	in	a	slab-ocean	aquaplanet	578 

simulation	(see	their	figure	7).		This	latitudinal	threshold	implies	a	strong	sensitivity	of	the	579 

Meiyu	termination	to	changes	in	the	meridional	position	of	the	westerlies,	consistent	with	our	580 

previous	studies	on	observed	and	simulated	changes	to	Meiyu	termination	(Chiang	et	al.	2017;	581 

Kong	et	al.	2017).	582 

While	we	have	emphasized	the	role	of	the	extratropical	northerlies	in	this	study,	other	583 

studies	focusing	on	the	Meiyu	rainband	have	emphasized	different	aspects	of	the	large-scale	584 

circulation	as	key.		In	particular,	Sampe	and	Xie	(2010)	emphasized	the	advection	of	warm	air	585 

from	the	southern	edge	of	the	Plateau	by	the	westerlies	as	key	to	the	existence	and	586 

maintenance	of	the	rainband.		Others	have	focused	on	the	role	of	the	western	North	Pacific	587 

subtropical	high	and	its	northward	expansion	as	key	to	the	seasonal	evolution	(Ding	2004).		If	588 
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one	of	these	hypotheses	is	used	instead	as	a	basis	to	explain	the	unique	East	Asian	rainfall	589 

seasonality,	a	different	hypothesis	would	likely	result	than	the	one	proposed	here.		We	have	590 

not	explored	these	alternative	views	here,	but	it	would	be	worth	doing	so.		In	the	end,	the	591 

veracity	of	our	hypothesis	will	depend	on	its	ability	to	explain	these	other	key	features	of	the	592 

East	Asian	monsoon	seasonality;	this	will	be	the	topic	of	future	research.		593 
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	684 

10.	 Tables	685 

Model	Configuration	 Name	 What	

Realistic	 ‘Full	Plateau’	 Present-day	topography		

	 ‘No	Plateau’	 Topography	45°-125°E	and	20°-60°N	set	to	

10%	of	actual	height		

	 20%-90%	Plateau	 Topography	45°-125°E	and	20°-60°N	set	to	

specified	percentage	of	actual	height	

	 ‘Thin	Plateau’	 Actual	topography	east	of	100°E,	but	set	to	

‘No	Plateau’	otherwise	

Idealized	 ‘Aquaplanet’	 Zonally	averaged	SST	

	 ‘Idealized	land	only’	 Flat	landmass	0-120°E,	20-80°N	imposed	

on	‘Aquaplanet’	setup	

	 ‘Idealized	Plateau-only’	 Tibetan	Plateau	(land	25-45°N,	65-105°E)	

imposed	on	‘Aquaplanet’	setup	

	 ‘Idealized	land+Plateau’	 Tibetan	Plateau	(topography	25-45°N,	65-

105°E)	imposed	on	‘idealized	land-only’	

setup	

	686 
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Table	1.		List	of	simulations	and	names	used	to	refer	to	them	687 

	688 

Intraseasonal	Stage	 Observed	(following	Ding	

and	Chan	2005)	

Full	Plateau	simulation	

Pre-Meiyu	

	

First	10	days	of	May	to	~11
th
	

June		[pentads	26-33]	

May	16	–	June14	

(Pentads	28-33)	

Meiyu	

	

~12th	June	to	“37-39
th
	

pentad”	[pentads	34-38]		

June	15	–	June	29	

(Pentads	34-36)	

Midsummer	

	

Mid	July	to	mid-late	August	

[pentads	39-47]	

June	30	–	Aug	23	

(Pentads	37-47)	

	689 

Table	2.		Timing	of	the	intraseasonal	stages	from	observations	and	in	the	‘Full	Plateau’	690 

simulation.		The	timing	of	the	observed	stages	come	from	Ding	and	Chan	(2005),	whereas	the	691 

timing	for	the	‘Full	Plateau’	simulation	is	from	SOM	analysis	of	the	convective	and	large-scale	692 

precipitation	pentad	climatologies	(see	text	for	details).		The	timings	generally	co-incide	with	693 

the	notable	exception	of	the	termination	of	the	Meiyu	stage,	which	occurs	~2	weeks	earlier	in	694 

the	simulation	as	compared	to	observations.		Note	also	that	different	names	have	been	used	in	695 

the	literature	for	the	various	intraseasonal	stages;	in	particular,	the	Midsummer	stage	is	also	696 

commonly	known	as	the	post-Meiyu.		The	names	we	use	for	the	stages	here	follows	from	our	697 

previous	papers	(Chiang	et	al.	2015,	2017;	and	Kong	et	al.	2017).	698 

	699 

11.	 Figure	Captions	700 

Figure	1.	(a)	Latitude-time	section	of	5-day	mean	rainfall	over	eastern	China	(110°E-120°E),	and	701 

from	April	to	September	averaged	for	1961	to	1990.	Units	of	rainfall	are	mm	per	pentad,	and	702 

regions	of	heavy	rainfall	(>25	mm)	are	shaded.	Also	marked	(vertical	dashed	lines)	are	the	703 

seasonal	stages	in	the	rainfall.	The	horizontal	dashed	line	indicates	the	approximate	latitude	of	704 
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the	Southern	China	coast.			Figure	is	originally	from	Ding	and	Sun	(2002),	and	the	identification	705 

of	the	rainfall	stages	are	added	by	the	authors,	using	timings	as	identified	in	Ding	and	Chan	706 

(2005).		(b)	Same	as	(a),	but	from	the	CAM5	full	Plateau	simulation.		The	timings	for	the	707 

instraseasonal	stages	are	derived	from	a	self-organizing	map	analysis	of	the	simulated	708 

convective	and	large-scale	precipitation	pentad	climatology;	see	text	for	details.		The	main	709 

difference	between	the	simulated	and	observed	climatology	is	the	early	onset	of	the	710 

Midsummer	in	the	simulated,	leading	to	a	shorter	Meiyu	duration	and	longer	Midsummer.			711 

Figure	2.		Land	surface	boundary	conditions	used	in	the	simulations	(also	see	Table	1).		(a)	712 

Topography	used	in	the	‘full	Plateau’	simulation.		(b)	Topography	used	in	the	‘no	Plateau’	713 

simulation.		(c)	Topography	used	in	the	‘thin	Plateau’	simulation.	The	color	scale	below	panel	714 

(b)	is	the	topography	height	in	km,	as	relevant	to	panels	a-c.		Panels	(a)	and	(b)	are	similar	to	715 

figures	8a	and	8b	in	Wu	et	al.	(2017),	respectively.	716 

Figure	3.		Similar	to	figure	1b,	but	partitioned	into	convective	precipitation	(left	column)	and	717 

large-scale	precipitation	(right	column).		(a-b)	‘Full	Plateau’	simulation;	(c-d):	‘no	Plateau’;	(e-f):	718 

‘thin	Plateau’.		The	scale	is	in	mm/d.		The	vertical	dashed	lines	in	each	panel	indicate	the	719 

boundaries	separating	the	intraseasonal	stages	(Spring,	pre-Meiyu,	Meiyu,	Midsummer,	Fall).	720 

Figure	4.		(a-e)	Observed	(NCEP	reanalysis)	climatological	zonal	mean	zonal	winds	straddling	the	721 

Plateau,	averaged	over	60°E-125°E,	for	each	of	the	5	stages.		The	timings	are	based	on	722 

identification	by	Ding	and	Chan	(2005),	summarized	in	Table	2.		The	climatology	is	taken	over	723 

years	1961-1990	to	co-incide	with	the	rainfall	climatology	in	figure	1.		Contour	interval	is	5	m/s.		724 

This	figure	is	similar,	though	not	identical,	to	fig	4a-e	of	Chiang	et	al.	(2017).		(f-j)	Same	as	the	725 

(a-e),	but	for	the	model	simulation,	and	using	the	SOM-derived	timings	summarized	in	Table	2.		726 
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The	observed	and	simulated	winds	are	qualitatively	similar	(in	particular	the	meridional	position	727 

of	the	maximum	wind),	despite	the	fact	that	the	timing	of	the	simulated	stages	differ	slightly	728 

from	those	observed;	this	supports	the	hypothesis	that	the	stages	are	determined	by	the	729 

meridional	position	of	the	westerlies	relative	to	the	Plateau.		730 

Figure	5.		Emergence	of	the	seasonal	stages	in	the	East	Asian	summer	monsoon	with	Plateau	731 

thickness.		Simulated	total	rainfall	zonally	averaged	over	110°E-125°E	for	(a)	the	‘Full	Plateau’	732 

simulation,	(b)	the	Plateau	at	70-80%,	(c)	50-60%,	(d)	30-40%,	and	(e)	10%	(aka	‘No	Plateau’).		733 

For	(b),	rainfall	fields	are	average	from	the	70%	and	80%	thickness	simulations;	similarly	for	(c)	734 

and	(d).		Units	are	in	mm/d.	The	shading	is	the	rainfall	starting	at	values	above	4mm/d.	The	735 

vertical	dashed	lines	indicate	the	boundaries	separating	the	intraseasonal	stages	(Spring,	pre-736 

Meiyu,	Meiyu,	Midsummer,	Fall).	737 

Figure	6.		Change	to	the	500mb	meridional	wind,	Full	Plateau	minus	No	Plateau,	averaged	over	738 

(a)	Spring,	(b)	Pre-Meiyu,	(c)	Meiyu	and	(d)	Midsummer	stages.			(e-h)	Same	as	(a-d),	but	for	Full	739 

Plateau	minus	Thin	Plateau.		Units	are	m/s.		Compared	to	that	due	to	the	‘full	Plateau’,	the	‘Thin	740 

Plateau’	has	relatively	little	influence	on	the	meridional	circulation.		741 

Figure	7.		Change	to	the	midtropospheric	temperature	flux	and	lower	tropospheric	meridional	742 

winds	over	East	Asia	from	the	introduction	of	the	Plateau.		‘Full	Plateau’	minus	‘no	Plateau’	743 

hovmoller	plots	of	110-125°	E	zonally	averaged	(a)	500mb	mean	temperature	flux	by	the	mean	744 

meridional	flow	([��];	units	are	K	m/s);	and	(b)	850mb	meridional	winds	(V;	units	are	m/s).		The	745 

dashed	lines	demarcate,	from	left	to	right,	the	beginning	of	the	pre-Meiyu,	Meiyu,	Midsummer,	746 

and	Fall	stages.				747 
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Figure	8.		Climatology	of	meridional	wind	(contours)	and	specific	humidity	(colors)	zonally	748 

averaged	over	110-125°E,	for	each	intraseasonal	stage.		The	red	chevron	at	the	base	of	panels	749 

(a)	through	(j)	indicates	the	location	of	maximum	meridional	specific	humidity	gradient	at	750 

850mb,	as	an	indicator	of	the	humidity	front.		(a-e)	is	from	NCEP	reanalysis	averaged	over	1961-751 

1990	(years	correspond	to	figure	3).				(f-j)	is	from	the	CAM5	full	Plateau	simulation.		(k-o)	is	752 

from	the	CAM5	no	Plateau	simulation.	(p-t)	Full	minus	No	Plateau	simulation.		The	contour	753 

interval	is	0.8m/s	for	all	panels,	and	dashed	lines	are	negative	values;	the	contours	closest	to	754 

0m/s	are	-0.4m/s	and	+0.4m/s.		Specific	humidity	is	in	g/kg,	and	color	scale	is	shown	on	the	755 

right.	756 

Figure	9.				Meridional	winds	(contours)	and	pressure	vertical	velocity	(shaded)	zonally	averaged	757 

over	East	Asia	110-125°E,	for	each	of	the	intraseasonal	stages.	(a-e)	is	from	NCEP	reanalysis,	758 

and	(f-j)	is	from	the	full	Plateau	simulation.		The	red	chevrons	indicate	the	location	of	the	759 

humidity	front	as	calculated	in	figure	8;	note	that	for	the	Spring,	pre-Meiyu	and	Meiyu	stages,	760 

the	humidity	front	is	located	at	the	northern	edge	of	the	peak	uplift	region.		Contour	interval	is	761 

0.8m/s,	and	the	first	dashed	contour	is	-0.4m/s.		Units	of	vertical	velocity	is	mb/day;	note	the	762 

different	scales	for	(a-e)	and	(f-j).			763 

Figure	10.	(a	and	b):	Hovmoller	of	rainfall	zonally	averaged	over	110-120E	for	the	(a)	idealized	764 

land-only	and	(b)	idealized	land	+	plateau	simulation.		A	15-day	average	running	mean	is	applied	765 

prior	to	plotting.		Units	of	rainfall	are	mm/d.		(c).	Hovmoller	of	difference	(idealized	766 

land+plateau	minus	land-only)	in	the	110-120°E	zonal	mean	of	500mb	meridional	wind	(units	767 

m/s).		The	dashed	lines	correspond	to	the	start	of	pentads	32,	40,	and	44	respectively,	768 

corresponding	to	the	start	of	the	Meiyu,	Midsummer,	and	Fall-like	stages.	769 
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Figure	11.		Lower	tropospheric	(925mb)	fields	of	geopotential	height	(gray	lines,	contour	770 

interval	15m),	moist	static	energy	(shaded;	units	are	x10
5
	J/kg)	and	winds	(reference	vector	is	771 

10m/s).		Idealized	land-only	simulation	averaged	over	(a)	pentads	32-39	and	(b)	pentads	40-43.		772 

(c)	and	(d):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	land+plateau	simulation.		(e)	773 

and	(f):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	plateau-only	simulation.		The	774 

white	line	demarcates	the	land	boundary;	for	(e)	and	(f)	there	is	no	land	apart	from	where	the	775 

Plateau	is	imposed,	so	the	lines	are	for	reference	only.		The	white	box	denotes	the	area	covered	776 

by	the	Plateau.		777 

Figure	12.		Similar	to	figure	11,	but	for	rainfall	(green	contours,	see	end	of	caption	for	778 

contouring	information);	925mb	moist	static	energy	(shaded;	units	are	x10
5
	J/kg);	and	500mb	779 

winds	(reference	vector	is	10m/s).		Idealized	land-only	simulation	averaged	over	(a)	pentads	32-780 

39	and	(b)	pentads	40-43.		(c)	and	(d):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	781 

land+plateau	simulation.		(e)	and	(f):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	782 

plateau-only	simulation.		For	rainfall,	the	contour	interval	is	0.5mm/d	for	(a),	(b),	(e),	and	(f);	for	783 

(c)	and	(d),	it	is	1mm/d.		In	all	cases,	only	rainfall	above	4mm/d	is	shown.					784 
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Figure	1.	(a)	Latitude-time	section	of	5-day	mean	rainfall	over	eastern	China	(110°E-120°E),	and	

from	April	to	September	averaged	for	1961	to	1990.	Units	of	rainfall	are	mm	per	pentad,	and	

regions	of	heavy	rainfall	(>25	mm)	are	shaded.	Also	marked	(vertical	dashed	lines)	are	the	

seasonal	stages	in	the	rainfall.	The	horizontal	dashed	line	indicates	the	approximate	latitude	of	

the	Southern	China	coast.			Figure	is	originally	from	Ding	and	Sun	(2002),	and	the	identification	

of	the	rainfall	stages	are	added	by	the	authors,	using	timings	as	identified	in	Ding	and	Chan	

(2005).		(b)	Same	as	(a),	but	from	the	CAM5	full	Plateau	simulation.		The	timings	for	the	

instraseasonal	stages	are	derived	from	a	self-organizing	map	analysis	of	the	simulated	

convective	and	large-scale	precipitation	pentad	climatology;	see	text	for	details.		The	main	

difference	between	the	simulated	and	observed	climatology	is	the	early	onset	of	the	

Midsummer	in	the	simulated,	leading	to	a	shorter	Meiyu	duration	and	longer	Midsummer.			
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Figure	2.		Land	surface	boundary	conditions	used	in	the	simulations	(also	see	Table	1).		(a)	

Topography	used	in	the	‘full	Plateau’	simulation.		(b)	Topography	used	in	the	‘no	Plateau’	

simulation.		(c)	Topography	used	in	the	‘thin	Plateau’	simulation.	The	color	scale	below	panel	

(b)	is	the	topography	height	in	km,	as	relevant	to	panels	a-c.		Panels	(a)	and	(b)	are	similar	to	

figures	8a	and	8b	in	Wu	et	al.	(2017),	respectively.	
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Figure	3.		Similar	to	figure	1b,	but	partitioned	into	convective	precipitation	(left	column)	and	

large-scale	precipitation	(right	column).		(a-b)	‘Full	Plateau’	simulation;	(c-d):	‘no	Plateau’;	(e-f):	

‘thin	Plateau’.		The	scale	is	in	mm/d.		The	vertical	dashed	lines	in	each	panel	indicate	the	

boundaries	separating	the	intraseasonal	stages	(Spring,	pre-Meiyu,	Meiyu,	Midsummer,	Fall)	
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Figure	4.		(a-e)	Observed	(NCEP	reanalysis)	climatological	zonal	mean	zonal	winds	straddling	the	

Plateau,	averaged	over	60°E-125°E,	for	each	of	the	5	stages.		The	timings	are	based	on	

identification	by	Ding	and	Chan	(2005),	summarized	in	Table	2.		The	climatology	is	taken	over	

years	1961-1990	to	co-incide	with	the	rainfall	climatology	in	figure	1.		Contour	interval	is	5	m/s.		

This	figure	is	similar,	though	not	identical,	to	fig	4a-e	of	Chiang	et	al.	(2017).		(f-j)	Same	as	the	

(a-e),	but	for	the	model	simulation,	and	using	the	SOM-derived	timings	summarized	in	Table	2.		

The	observed	and	simulated	winds	are	qualitatively	similar	(in	particular	the	meridional	position	

of	the	maximum	wind),	despite	the	fact	that	the	timing	of	the	simulated	stages	differ	slightly	

from	those	observed;	this	supports	the	hypothesis	that	the	stages	are	determined	by	the	

meridional	position	of	the	westerlies	relative	to	the	Plateau.		
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Figure	5.		Emergence	of	the	seasonal	stages	in	the	East	Asian	summer	monsoon	with	Plateau	

thickness.		Simulated	total	rainfall	zonally	averaged	over	110°E-125°E	for	(a)	the	‘Full	Plateau’	

simulation,	(b)	the	Plateau	at	70-80%,	(c)	50-60%,	(d)	30-40%,	and	(e)	10%	(aka	‘No	Plateau’).		

For	(b),	rainfall	fields	are	average	from	the	70%	and	80%	thickness	simulations;	similarly	for	(c)	

and	(d).		Units	are	in	mm/d.	The	shading	is	the	rainfall	starting	at	values	above	4mm/d.	The	

vertical	dashed	lines	indicate	the	boundaries	separating	the	intraseasonal	stages	(Spring,	pre-

Meiyu,	Meiyu,	Midsummer,	Fall).	
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Figure	6.		Change	to	the	500mb	meridional	wind,	Full	Plateau	minus	No	Plateau,	averaged	over	

(a)	Spring,	(b)	Pre-Meiyu,	(c)	Meiyu	and	(d)	Midsummer	stages.			(e-h)	Same	as	(a-d),	but	for	Full	

Plateau	minus	Thin	Plateau.		Units	are	m/s.		Compared	to	that	due	to	the	‘full	Plateau’,	the	‘Thin	

Plateau’	has	relatively	little	influence	on	the	meridional	circulation.		
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Figure	7.		Change	to	the	midtropospheric	temperature	flux	and	lower	tropospheric	meridional	

winds	over	East	Asia	from	the	introduction	of	the	Plateau.		‘Full	Plateau’	minus	‘no	Plateau’	

hovmoller	plots	of	110-125°	E	zonally	averaged	(a)	500mb	mean	temperature	flux	by	the	mean	

meridional	flow	([��];	units	are	K	m/s);	and	(b)	850mb	meridional	winds	(V;	units	are	m/s).		The	

dashed	lines	demarcate,	from	left	to	right,	the	beginning	of	the	pre-Meiyu,	Meiyu,	Midsummer,	

and	Fall	stages.				
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Figure	8.		Climatology	of	meridional	wind	(contours)	and	specific	humidity	(colors)	zonally	

averaged	over	110-125°E,	for	each	intraseasonal	stage.		The	red	chevron	at	the	base	of	panels	

(a)	through	(j)	indicates	the	location	of	maximum	meridional	specific	humidity	gradient	at	

850mb,	as	an	indicator	of	the	humidity	front.		(a-e)	is	from	NCEP	reanalysis	averaged	over	1961-

1990	(years	correspond	to	figure	3).				(f-j)	is	from	the	CAM5	full	Plateau	simulation.		(k-o)	is	

from	the	CAM5	no	Plateau	simulation.	(p-t)	Full	minus	No	Plateau	simulation.		The	contour	

interval	is	0.8m/s	for	all	panels,	and	dashed	lines	are	negative	values;	the	contours	closest	to	

0m/s	are	-0.4m/s	and	+0.4m/s.		Specific	humidity	is	in	g/kg,	and	color	scale	is	shown	on	the	

right.	
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Figure	9.				Meridional	winds	(contours)	and	pressure	vertical	velocity	(shaded)	zonally	averaged	

over	East	Asia	110-125°E,	for	each	of	the	intraseasonal	stages.	(a-e)	is	from	NCEP	reanalysis,	

and	(f-j)	is	from	the	full	Plateau	simulation.		The	red	chevrons	indicate	the	location	of	the	

humidity	front	as	calculated	in	figure	8;	note	that	for	the	Spring,	pre-Meiyu	and	Meiyu	stages,	

the	humidity	front	is	located	at	the	northern	edge	of	the	peak	uplift	region.		Contour	interval	is	

0.8m/s,	and	the	first	dashed	contour	is	-0.4m/s.		Units	of	vertical	velocity	is	mb/day;	note	the	

different	scales	for	(a-e)	and	(f-j).			 	
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Figure	10.	(a	and	b):	Hovmoller	of	rainfall	zonally	averaged	over	110-120E	for	the	(a)	idealized	

land-only	and	(b)	idealized	land	+	plateau	simulation.		A	15-day	average	running	mean	is	applied	

prior	to	plotting.		Units	of	rainfall	are	mm/d.		(c).	Hovmoller	of	difference	(idealized	

land+plateau	minus	land-only)	in	the	110-120°E	zonal	mean	of	500mb	meridional	wind	(units	

m/s).		The	dashed	lines	correspond	to	the	start	of	pentads	32,	40,	and	44	respectively,	

corresponding	to	the	start	of	the	Meiyu,	Midsummer,	and	Fall-like	stages.	
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Figure	11.		Lower	tropospheric	(925mb)	fields	of	geopotential	height	(gray	lines,	contour	

interval	15m),	moist	static	energy	(shaded;	units	are	x10
5
	J/kg)	and	winds	(reference	vector	is	

10m/s).		Idealized	land-only	simulation	averaged	over	(a)	pentads	32-39	and	(b)	pentads	40-43.		

(c)	and	(d):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	land+plateau	simulation.		(e)	

and	(f):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	plateau-only	simulation.		The	

white	line	demarcates	the	land	boundary;	for	(e)	and	(f)	there	is	no	land	apart	from	where	the	

Plateau	is	imposed,	so	the	lines	are	for	reference	only.		The	white	box	denotes	the	area	covered	

by	the	Plateau.		
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Figure	12.		Similar	to	figure	11,	but	for	rainfall	(green	contours,	see	end	of	caption	for	

contouring	information);	925mb	moist	static	energy	(shaded;	units	are	x10
5
	J/kg);	and	500mb	

winds	(reference	vector	is	10m/s).		Idealized	land-only	simulation	averaged	over	(a)	pentads	32-

39	and	(b)	pentads	40-43.		(c)	and	(d):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	

land+plateau	simulation.		(e)	and	(f):	same	as	(a)	and	(b)	respectively,	but	for	the	idealized	

plateau-only	simulation.		For	rainfall,	the	contour	interval	is	0.5mm/d	for	(a),	(b),	(e),	and	(f);	for	

(c)	and	(d),	it	is	1mm/d.		In	all	cases,	only	rainfall	above	4mm/d	is	shown.		


