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Observations	– Early	Days

Riehl,	1950
“The	most	outstanding		of	
these	features	are	the	
breakdown	of	the	tropical	
atmosphere	into	a	train	of	
vortices	and	the	complete	
interlocking	of	flow	between	
the	high	and	low	latitudes.”

“It	would	seem	more	than	
difficult	to	draw	a	line	
separating	polar	and	tropical	
zones.”

“Heat	is	injected	into	the	
polar	zones	in	few	and	
narrow	strips	of	longitude…	
in	part,	changes	of	flow	
configurations	and	intensity	
in	higher	latitudes	must	
depend	on	the	availability	of	
low	latitudes	disturbances	to	
form	extended	troughs.”

3 ON THE ROLE OF THE TROPICS IN THE GENERAL CIRCULATION 

Fig. 2. Topography of the 3oo-mb surface (100's feet), August 26, 1945. 06002. Insert: meridional profile of the 
zonal wind (mps) at 300 and 700 nib computed between longitudes zoOE and IIOOE via westcrn hemisphere. 

eastern Asia. These months are eminently 
suited for large-scale anal sis. Under auspices 

States Navy, the entire period was analyzed 
at the University of Chicago, both at low and 
high levels. The chart for August 26, 1945, 
'epresents a random selection from this file. 
p.ven under the favorable circumstances pre- 

ding in 1945 station coverage was poor in 
ne area's, especially in the tropical Atlantic. 
STerential analysis therefore was a standard 

.,' .diary analysis tool, to ether with time 
cross-sections and other tecfmques employed 
under such conditions. It is not possible to 

of the Office of Nava Y Research, United 

vouchsafe for all details of fig. 2. But its 
broadscale features are submitted without 
hesitation as reliable. 

The most outstanding of these features are 
the breakdown of the tropical atmosphere into a 
train of vortices (RIEHL 1948) and the complete 
interlocking ofjlow between high and low latitudes. 
It would seem more than difficult to draw a 
line separating polar and tropical zones. Every- 
where, troughs of great extent - called 
nextended troughu) by CRESSMAN (1948) - 
reach from pole to equator. It is only to the 
east of these troughlines that heat can flow 
poleward. Thus there is not a general seepage 

The	role	of	Tropics	in	the	general	circulation	of	the	atmosphere.	Tellus.

The	influence	of	
the	Tropics	on	the	
NH	Midlatitudes

The	influence	of	
the	Midlatitudes
on	the	Tropics

Two-way	
interactions	and	

Feedbacks

Remaining	
Challenges

Forecasting	
Teleconnections



Observations	– Foreseeing	the	potential	for	seasonal	forecast

J.	Bjerknes, 1966

• Large	positive	SST	anomalies	in	
the	eastern	Equatorial	Pacific	
strengthen	the	zonal	winds	in	
the	Northern	Hemisphere	
winter.

• “A	close	watch	of	the	
temperature	anomalies	arising	
over	the	eastern	tropical	Pacific	
is	likely	to	play	an	important	part	
on	the	future	seasonal	
forecasting of	climatic	
anomalies,	over	North	America	
and	over	Europe.”

826 J. BJERKNES 

WINTER 

FIG. 6. Average distribution of atmospheric pressure at sea level during the winter seasons, December to 
February inclusive, of 1955-56 and 1956-57, before the East Pacific equatorial warming, and 1957-58 at 
the peak of that warming. 

Moreover, the westerlies in the middle latitudes 
of the eastern Pacific are much stronger than 
normal in the winter of 1957-58, presumably 
indicating that the northward flux of angular 
momentum operated by the Hadley cirulation 

did achieve above-normal efficiency when fue- 
led by an above-normal equatorial heat source. 
Finally, with the subtropical High rather far 
south and the westerlies strong, the eastern 
Pacific by necessity got a deep Low established 

Tellus XVIII (1966), 4 

Sea	Level	Pressure

warmer	SST
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Observations	– Establishment	of	teleconnections	

Weickmann 1983;Weickmann et	al. 1985; Lau	and	
Phillips	1986; Knutson	and	Weickmann 1987

Weickmann et	al.	1985

250	mb

The	influence	of	
the	Tropics	on	the	
NH	Midlatitudes

The	influence	of	
the	Midlatitudes
on	the	Tropics

Two-way	
interactions	and	

Feedbacks

Remaining	
Challenges

Forecasting	
Teleconnections



Observations	– Explaining	the	observed	teleconnections

Liebmann and	Hartmann, 1984	
• Region	of	winter	monsoon	rainfall	over	the	far	

western	Pacific	is	forcing	the	midlatitude flow

• No	relationship	
between		regions	
of	equatorial	
cloudiness	and	
circulation	
anomalies	over	
North	American	
and		Atlantic	
regions
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Observations

1. What	are	the	geographical	regions	where	
tropical	forcing	is	most	effective	in	exciting	
extratropical circulation	anomalies?

Question
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Observations	– Reanalysis	Era
Ferranti	et	al. 1990; Gill	and	Mo	1991a,b; Higgins	
and	Mo	1997;Mathews	and	Kiladis 1999;

• Variability	of	the	climate	patterns	of	midlatitudes,	
such	as	NAO	and	PNA	is	linked	to	the	convective	
activity	in	the	tropics

• In	the	Northern	Hemisphere,	there	are	two	modes	
of	oscillation	with	periods	of	about	48	and	23	days

• North	Pacific	circulation	anomalies	develop	1-2	
weeks	after	the	appearance	of	anomalous	
convection	over	the	tropical	Pacific
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Mori	and	Watanabe	2008; Lin	et	al. 2009;	Riddle	et	
al. 2013

are completely absent during unfavorable ENSO conditions

and are nearly triple the climatology during favorable

ENSO conditions.

In general, the strongest responses occur when upper-
level convergence/divergence patterns associated with

ENSO constructively interfere with those associated with

the MJO over the Pacific Basin. For example, Cluster 6
probabilities are particularly high during El Niño following

phase 6 of the MJO when both ENSO and the MJO con-

tribute towards anomalous upper-tropospheric divergence
over the central Pacific region. Conversely, Cluster 7 prob-

abilities are particularly high during La Niña after phases 2

and 3 of the MJO, when both contribute towards anomalous
upper-tropospheric convergence over the central Pacific.

Previous studies have found that the Rossby wave
response to a combined ENSO and MJO event is not

simply the linear combination of the separate responses to

the MJO and ENSO (Roundy et al. 2010; Moon et al. 2010;
Schrage et al. 1999). With our analysis, however, we do not

see a large non-linear effect, at least for Clusters 6 and 7.

That is, when Cluster 6 and 7 occurrences are normalized

with respect to the ENSO background state (i.e. Ni
NT

in (2) is

calculated for the El Niño or La Niña periods only, instead
of for the full climatology), the MJO modulation of the

clusters is quite similar in magnitude to that for the entire

time period (Fig. 5). Cluster 7, for example, occurs only
8 % of the time during El Niño according to Table 2, but

these probabilities increase to approximately 25 % a few

weeks following phases 2 and 3 of the MJO. This repre-
sents a threefold increase over the 8 % El Niño baseline,

but only a moderate increase over the climatological

baseline for Cluster 7 (18 %).
Cluster 4, on the other hand, is equally common during

the El Niño and La Niña periods (Table 2). Thus, the

enhanced signal seen during El Niño after phase 7 of

the MJO (Fig. 7) cannot be explained by a combination of
the MJO and ENSO signals. These results are in contrast

with those of Roundy et al. (2010) who note an amplified

relationship between the MJO and the NAO during La
Niña periods compared with El Niño periods. Further work

Fig. 6 Percent change in the occurrence frequency of a positive AO
clusters, b negative AO clusters, c positive PNA clusters and
d negative PNA clusters during and in the 40 days after MJO events
in phases 1–8. Light red (light blue) shading represents enhanced
(suppressed) probabilities that are locally significant at a 95 % level

based on a Monte Carlo simulation. Dark red (dark blue) shading
represents enhanced (suppressed) probabilities that are locally
significant at a 98.5 % level which is the level needed to control
the false discovery rate at 15 %

Impact of the MJO 1759
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• Phase	locking	between	PNA	
and	MJO;	convective	activity	
associate	with	the	MJO	
initiation	explains	30%	of	
PNA	variability

• MJO	may	not	excite	a	pure	
PNA	pattern,	but	rather	a	
PNA-like	response

Days	after	MJO

Riddle	et	al.,	2013
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MJO	as	a	forcing	of	midlatitude teleconnections

Cassou 2008; Deng	and	Jiang	2011; Lee	and	Lim	2012;	
Grise et	al. 2013; Frederiksen and	Lin	2013; Lin	2014;	
Yadav	and	Straus,	2016.

• NAO	is	influenced	by	tropical	convection	when	MJO	is	in	
either		phase	2-4	(Indian	Ocean-Maritime	Continent)	or	6-8	
(Western	Pacific)

• The	activity	of	North	Pacific	storm	track	during	winter	is	
modulated	by	the	tropical	convection	associated	with	MJO	
variability

• The	winter	SAT	over	North	America	is	characterized	by	a	70-
day	oscillation	forced	by	MJO

• MJO	phase	speed	affects	the	midlatitude teleconnection	
patterns
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which is consistent with the results of Jiang and Lau (2008)

and other previous studies that had examined the rainfall/
drought of the western or central US (Liu et al. 1998;

Newman and Sardeshmukh 1998; Schubert et al. 2011).

They showed the variations in WNP convection are cor-
related with the intraseasonal variability of the monsoons

in both North America and East Asian/WNP sectors. It is

also noteworthy that this relationship is found in 30–60 day
time scale in our study while other studies focused on the

time scale shorter than 30 day.

4.3 The teleconnection associated with the NASM ISO

Similar to the opposite anomaly patterns associated with

the ISM and NASM ISO (Fig. 3), Fig. 6c shows that the

time evolution of the convective anomalies associated with

the NASM ISO also closely resemble the negative evolu-

tion patterns of Fig. 6a. It is of note that the convective
activity over the eastern Pacific near Mexico evolves

northward to southern US with increased amplitude on the

western side from day -10 to ?5 and decays from day ?5.
In Fig. 6c, the teleconnection pattern shows opposite

signal with Fig. 6a, but the convective activity is much

strengthened near Mexico. From day -10 to 0, two anti-
cyclonic anomalous centers over the southern North Pacific

and western Canada propagate slowly eastward. When the
eastward evolving meridional tripole approaches eastern

Pacific, the anticyclonic center over the North Pacific is

reinforced by the localized heating near Mexico during the
active phase of NASM. From day 0 to ?10, the arch-

shaped downward energy transfer from the North Pacific to

western coast of US along the jet can be detected.

Fig. 8 The regressed
intraseasonal anomalies of 2 m
air temperature (T2m Temp,
shaded) and GPH200 (contour)
with reference to the a ISM,
b WNPSM, and c NASM
indices. The unit of T2m Temp
and GPH200 are !C and gpm,
respectively. Shaded regions
indicate the T2m Temp that are
statistically significant at above
95 % confidence level

Teleconnections associated with Northern Hemisphere summer monsoon intraseasonal oscillation 2771
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T2m	(shading)	GPH200	(contour)

Boreal	Summer

Moon	et	al.	2013
• During	the	active	phase	

of	ISM,	WNPSM,	and	
NASM	extratropical
circulation	and	surface	
temperature	anomalies	
develop.

• BSISO	teleconnections	
show	both	quasi-
stationary		and	
eastward	propagation	
characteristics	
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Observations

• No	significant	
correlation	between	
the	Southern	
Hemisphere	
circulation	and	
tropical	heating	

• The	impact	of	tropical	
heating	on	
midlatitudes has	a	
seasonal	dependence	

Nogues-Paegle and	Mo	1988; Gil	and	Mo	1991;
Berbery and	Nogues-Paegle 1993;	Hsu	1996

200	hPa Velocity	Potential

SH	Winter

SH	Summer
Berbery and	Nogues-Paegle 1993

Days	with	large	OLR	anomalies	at	127	E

Days	with	large	OLR	anomalies	at	127	E
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Midlatitude Extreme	Weather
Mo	and	Higgins	1998; Jones	2000; Bond	and	Vecchi
2003; Jeong 2005; He	et	al.	2011; Zhou	et	al.	2012

3584 VOLUME 13J O U R N A L O F C L I M A T E

TABLE 3. Distribution of the number of 5%, 10%, and 15% extreme events for cases of U850 anomalies associated with the MJO (U850
index at lag 22), (sample size n1 5 439 pentads) and no U850 anomalies due to the MJO (sample size n2 5 356 pentads). The value of
the Z statistic for each case and box is also indicated. The Z values greater than Z95 5 1.64 indicate that the difference between the two
proportions is significant at 95% confidence level.

Type-I extreme events (5%)

Tropical U850
(lag 22)

No tropical
U850

Type-II extreme events (10%)

Tropical U850
(lag 22)

No tropical
U850

Type-III extreme events (15%)

Tropical U850
(lag 22)

No tropical
U850

Box 1 58 22 32 9 13 6

Box 2
Z 5 3.277

54 19
Z 5 3.099

35 11
Z 5 1.220

13 5

Box 3
Z 5 3.398

60 22
Z 5 3.001

25 9
Z 5 1.530

10 5

Box 4
Z 5 3.447

66 24
Z 5 2.264

23 8
Z 5 0.940

8 2

Box 5
Z 5 3.644

65 23
Z 5 2.240

18 6
Z 5 1.661

5 1

Box 6
Z 5 3.709

67 26
Z 5 2.055

22 5
Z 5 1.460

5 2
Z 5 3.440 Z 5 2.894 Z 5 0.909

FIG. 8. (a) Percentage of type-I (5%) extreme events that occur
during active and inactive MJO periods. (b) Same as in (a), but for
type-II (10%) events. Sample sizes are 439 pentads for active MJO
and 356 pentads inactive MJO. Percentages are expressed as occur-
rences from the sample size.

higher number of extreme events during active MJO
periods than in inactive ones. The differences in oc-
currences are statistically significant at 95% level (Z .
1.64) for type-I and -II extreme events in all six grid
boxes. An important issue to consider in this analysis,
however, is how many of the extreme cases occurring
during active MJO periods were also coincident with
the warm phase of ENSO. We counted the number of
extreme events occurring from November to March for
the El Niño years of 1957/58, 1965/66, 1968/69, 1972/
73, 1982/83, 1986/87, and 1991/92. Only a small frac-
tion of the events shown in Table 3 occurred also during
warm ENSO phases. For type-I events the counts were
11, 10, 11, 13, 12, and 14 cases for grid boxes 1–6,
whereas for type-II events the counts were 4, 5, 6, 5,
4, and 5. In addition, only one event was reported during
the 1965/66 and no extreme events occurred in the 1986/
87 El Niño. These results further substantiate the hy-
pothesis that extreme events in California are not only
modulated by ENSO but also by tropical intraseasonal
activity such as the MJO.
To better illustrate the differences between active and

inactive MJO cases and summarize the main results of
Table 3, Fig. 8 shows the percentage of occurrences of
extreme events of types I and II (number of occurrences
divided by the sample size) during active MJO (lag 22
pentads) and inactive periods. While the average per-
centage of type I for all grid boxes during active MJO
periods is 14%, the average for inactive cases is only
6.3%. Likewise, for type II, the average percentages are
5.8% and 2.2% for active and inactive MJO periods,
respectively.

5. Interannual variability of the Madden–Julian
oscillation and extreme events in California
Since the MJO is known to exhibit significant inter-

annual variations, we now investigate the question of
whether or not variations in the amplitude of the oscil-

Jones,	2000
• Winter	extreme	

precipitation	events	over	
U.S.	West	Coast	and	below-
average	SAT	are	favored	by	
MJO	in	phase	2

• Extreme	cold	surges	in	the	
surface	air	temperature	
over	east	Asia	are	favored	
by	MJO	convective	activity	
located	over	the	Indian	
Ocean		

by Zhang et al. [1997] and 17.3 cases noted by Chen et
al. [2004]. This is because we have focused on cold
surges which dominate over most of China, so our
criteria are stricter than those of prior studies. We include
the pre-existence of the Siberian high and used area-
averaged SAT (six stations in the middle of China, 110!–
115!E, 32.5!–37.5!N and seven stations in southern
China, 115!–120!E, 22.5!–27.5!N) as a substitute for
single-station data to identify cold surges. Thirty-four
extreme cold surges (1.26 per year) are classified as
extreme cold surges, and this frequency is also less than
the number of two per year found by Zhang et al. [1997].
[15] To represent the relationship between cold surges

and the MJO phase, all occurrences of normal and extreme
surges are denoted over the phase diagram of the MJO in
Figure 3, and basic statistics for cold surges are summarized
in Table 2. It is anticipated from the SATcomposite (Figure 1)
that occurrences of cold surges increased during phases 2–4,
but the phase dependency is not so significant in normal cold
surge cases which are rather independent of MJO phase.
Occurrences of cold surges slightly increased during MJO

phase 2 (28 cases) and 3 (27 cases), but still a considerable
number of cold surges occurred during other MJO phases
(21–30 cases during MJO phases 5–8). On the other hand,
occurrences of extreme cold surges show strong phase de-
pendencywithMJO phase.Most occurrences of extreme cold
surges are concentrated in phases 2 (9 cases) and 3 (11 cases)
of the MJO phase, but no extreme cold surge occurs in
phases 1 and 4, and only 1–5 cold surges occur in other
phases. Dealing with cold surges occurring only during
active MJO periods (amplitude of MJO greater than 1
[Wheeler and Hendon, 2004]), the phase dependency is
also significant. Occurrences of extreme cold surges are
mostly concentrated in phases 2 (4 cases) and 3 (8 cases).
Furthermore, most of the extreme cold surges in phase 3
occur when the amplitude of MJO is very high. From the
above results, it is inferred that the MJO-related circula-
tion anomalies may selectively reinforce the amplification
of normal surges to extreme cases.
[16] In this respect, extreme cold surge composites of

Z500 anomaly and baroclinity (defined as the difference
between zonal wind at 300 and 850 hPa) are constructed for
the corresponding occurrence dates before and after 6 days
with 3-day intervals (Figure 4, left). Overall, a strong
negative geopotential anomaly, which is usually suggestive
of low-level cold air mass over the continental area in
wintertime, is formed in the west of Lake Baikal on day
!6, moves to the northeast of China by day +3, and finally
passes through the east coast of China and the Korean
peninsula. This negative anomaly is also indicative of
strong cold advection from southern Siberia to the interior
of China during occurrences of extreme cold surges. The
center of positive baroclinity anomaly is located in southern
Siberia on day !6 and gradually moves to the south of Lake
Baikal (day !3), northeastern China and the North Korean
region (day 0), and middle and southern China (from +3 to
+6 days).
[17] To examine the influence of the MJO-related circula-

tion anomaly, the MJO composites are presented in Figure 4
(right). Circulation features during MJO phases 2–3 are
similar to those of !6 to +6 days at extreme cold surge
occurrence when the negative geopotential height anomaly
first appears over Siberia, then moves to the north and middle
of China in phases 2–3. The baroclinity changes significantly
in accord with theMJO phase, and this is easily understood in
consideration of the well-known feature that the midlat-
itude jet fluctuates with the eastward propagation of the
MJO. Positive baroclinity emerges over Lake Baikal and
moves southward during MJO phases 1–2, then is
abruptly enhanced over the south of China during MJO
phases 3–4.
[18] Putting the above results together, we can further

infer that the increase of extreme cold surge occurrences in
MJO phases 2–3 is significantly connected with the MJO-

Figure 3. Identified occurrences of cold surges over-
lapping on the phase-space diagram of MJO (RMM1 and
RMM2). The phase of the MJO and the approximate
locations of the enhanced convection are labeled. Small and
large circles denote all and extreme cold surges, respec-
tively. The circle of radius 1 is denoted in the middle of the
diagram.

Table 2. Cold Surge Statistics Based on 27 Winters (1974/1975–2000/2001)a

Total Occurrences Number of Occurrences Per Year

MJO Phase

1 2 3 4 5 6 7 8

Cold surges 206 (118) 7.63 (4.37) 15 (14) 28 (15) 27 (22) 17 (7) 23 (16) 21 (12) 30 (21) 21 (11)
Extreme cold surges 34 (20) 1.26 (0.74) 0 (0) 9 (4) 11 (8) 0 (0) 1 (0) 3 (2) 2 (2) 5 (4)

aNumber of occurrences during strong MJO period denoted within parentheses.

D11104 JEONG ET AL.: MADDEN-JULIAN OSCILLATION AND COLD SURGES
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Jeong,	2005
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Atmospheric	Rivers
Ralph	et	al.,	2011;	Guan	et	al.	2012,	2013;	Zhang,	2013;	
Payne	and	Magnusdottir,	2014;	Guan	and	Waliser,	2015;	
Mundhenk et	al.	2016;	

Jeong,	2005
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• A	coherent	relationship	has	
been	demonstrated	among	
the	MJO,	associated	Rossby
waves	,	and	atmospheric	
rivers	associated	with	U.S.	
West	Coast	flooding

• MJO	in	phase	6,	when	
convection	is	located	in	the	
west	Pacific	favor	the	
development	of		AR

• MJO	modulates	AR	activity	
in	Korea	and	Japan,	Alaska,	
Europe	and	in	Southern	
Hemisphere

Mundhenk,	Barnes,	Maloney	(2016)	



Modeling	Studies	– Early	Days

Opsteegh and	Van	den	Dool 1980;	Hoskins	and	
Karoly 1981;	Webster	1981

300-hPa	Height

0.5	K/day 15N

• Linear	steady	state	
models	with	prescribed	or	
numerical	schemes	for	
atmospheric	heating	

• In	the	upper	troposphere,	
the	tropical	heating	
source	generates	a	train	
of	Rossby waves	
propagating	poleward and	
eastward

Hoskins	and	Karoly, 1981
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Modeling	Studies	– Non-divergent	Baroclinic Models

Simmons	et	al.,	1983

• Perturbations	over	the	northeastern	Pacific	are	
excited by	tropical	forcing	located	over	Southeast	
Asia	and	tropical	western	Pacific

• The	Atlantic	perturbations	are	excited by	the	tropical	
forcing	located	to	the	southwest

Simmons	et	al.	1983;	Branstator 1985
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Modeling	Studies

Sardeshmukh and	Hoskins	1988;	

• The	midlatitude perturbations	are	associated	with	
the	fast	growing	mode	of	barotropic instability	of	
the	midlatitudes excited	by	the	Rossby wave	trains

• The	atmospheric	anomalies	in	the	extratropics
have	an	equivalent	barotropic structure

• The	variability	of	the	midlatitude large-scale	flow	
due	to	tropical	forcing	is	dominated	by	a	28-72	day	
oscillation
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Modeling	Studies

2. How	and	why	do	the	baroclinic atmospheric	
anomalies	in	the	tropics	transition	to	barotropic
anomalies	by	the	time	they	reach	the	
extratropics?

Question
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Modeling	Studies	-

Ferranti	et	al.	1990

Barotropic model

500	hPa Geopotential Height

Observations

F (x, t) =
k F k
k E⇤

1 kE
⇤
1 (x) exp(i!1t)
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Modeling	Studies	– GCMs	Era	

Schubert	and	Park,	1991
• Global	initialized	analyses	(ECMWF)

• PNA appears	to	have	its	main	energy	source	in	
midlatitudes,	and	the	link	to	the	tropics	manifests	
as	a	phase	locking	with	anomalies	forced	by	
tropical	convection	located	in	the	western	and	
central	Pacific
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Modeling	Studies	- Sensitivity	type	experiments		

Jin	and	Hoskins	1995;	
• Propagation	of	Rossby waves	train	is	sensitive	to	

the	zonally	varying	basic	state,	with	preferred	
paths	in	regions	with	prevailing	westerlies

• The	response	of	the	Northern	Hemisphere	to	
tropical	heating	is	much	stronger	than	in	the	
Southern	Hemisphere

• The	Rossby wave	response	to	a	fixed	tropical	
heating	establishes	in	10-15	days
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Modeling	Studies
Lin	et	al.	2007
• Primitive	equation	dry	atmospheric	model	can	

simulate	tropical	intraseasonal variability	with	a	
Kelvin	wave	structure;	The	divergent	flow	in	the	
tropical	western	Pacific	generates	wave	activity	
into	the	PNA	region

• Hayashi	and	Suni,	1986:	“No	moist	processes	
result	in	the	abrupt	disintegration	of	the	30	day	
oscillation	into	Kelvin	and	Rossby waves.	Strong	
mode	coupling	between	the	equatorial	free	
waves	is	required	to	maintain	the	30-day	
oscillation
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Modeling	Studies	– GCMs’	biases	

Higgins	and	Schubert	1996;	Hsu	1996;

• GCM	simulations	tend	to	reproduce	the	observed	
relationships	between	tropical	anomalous	
convection	and	midlatitude circulation	anomalies	
during	boreal	winter

• GCM	simulations	also	show	differences	from	
observation,	resulting	especially	from	the	model	
inability	to	reproduce	the	observed	location	of	the	
tropical	heating	anomalies
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Modeling	Studies	– Intervention	Experiments

Blade	and	Hartmann	1995;Mathews	et	al.	2004;	Branstator
2014;	Straus	et	al.	2015

• Extratropical response	is	sensitive	to	the	phase	speed	of	the	
forcing

• The	tropical	convection	outflow	anomalies	lead	to	Rossby
waves,	which	then	interact	with	the	midlatitude mean	flow	
and	in	preferred	locations	extract	energy	from	the	mean	
flow,	in	a	manner	similar	to	that	of	unstable	barotropic
modes.	

• The	midlatitude response	to	the	MJO	depends	on	the	
history	of	heating	and	cooling	and	is	not	just	a	response	to	
heating	at	some	longitude	with	some	lag.

• Short	pulses	of	tropical	heating	also	affect	the	midlatitudes
and	the	effect	persists	for	more	than	two	weeks.	
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Modeling	Studies	– Another	Perspective

Slingo and	Slingo 1988,	1991

• Longwave cloud	radiative	
forcing	in	the	Tropics	
accelerates	the	sub-tropical	
jets	and	generates	height	
perturbations	in	midlatitudes
with	a	barotropic structure.

• The	longwave cloud	forcing	
over	South	America	induces	
barotropic cyclonic	circulations	
in	the	midlatitudes and	
anticyclonic structures	in	the	
polar	regions	of	the	NH.		

RESPONSE OF A GCM TO RADIATIVE FORCING. I 1051 

The preferential acceleration of the Atlantic jet compared with that over the Pacific 
is associated with a strong and statistically significant anomaly pattern in the 200 mb 
geopotential height (Fig. 14). In the northern hemisphere, cloud forcing results in a deep 
negative anomaly centred over Newfoundland, with a smaller anomaly near the dateline. 
In the tropics, the warming of the troposphere shown in Fig. 7(a) increases the heights 
by on average about 100 m. This change is large compared with the variability of tropical 
temperatures on the 90-day timescale, hence the large values of t in Fig. 14(b). The 
juxtaposition of a height maximum over the Atlantic at about 25"N and the negative 
anomaly to the north gives rise to a strong height gradient at 40"N, which is another 
manifestation of the acceleration of the jet. The height changes are much smaller in the 
high latitudes of the southern hemisphere and are not statistically significant. 

The height anomaly pattern in the northern hemisphere shows a marked barotropic 
structure. At both 500 mb and 850 mb the pattern in Fig. 14(a) is preserved, the major 
anomaly centres showing no significant changes in position. Such barotropic patterns 
have been generated in modelling studies of the atmospheric response to s.s.t. anomalies 
(e.g. Blackmon et al. 1983; Geisler et al. 1985; Palmer and Mansfield 1986a, b). In those 

a) Control - CF1 : 200mb geopotential height (m)  
180 12ow 60W 0 60E 120E 180 

180 12OW 60W 0 60E 12OE 180 

b) Control-CF1 : t-stat ist ic f o r  the dif ference 
180 120w 60W 0 60E 120E 180 

90N 90N 

60N 60N 

30N 30N 

0 0 

30s 30s 

605 60s 

90s 90s 
180 12ow 60W 0 60E 120E 180 

Figure 14. (a) 200 mb geopotential height difference between Control and CFI. The contour interval is 40 m. 
(b) The corresponding t-statistic. The contour interval is 10. Negative values are hatched in both plots. 

200-mb	streamfunction.	CLAF	applied	everywhere	
Minus	CLAF	applied	everywhere	except	South	America.	
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Observations	– Early	Days

• Original	motivation:	the	need	to	explain	the	
energy	source	for	the	observed	tropical	waves
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Figure 1
Showing the Most Fre.quent Tracks by Which Antarctic Air

Moves Into the Tropics in the South Atlantic

Figures 2A-2D
Shdwing the Monthly Average Sea Pressure Anonlaly in the Eastern South Atlantic

The	most	frequent	tracks	of	Antarctic	air	into	the	
tropical	South	Atlantic.	Morgan,	1965.	

• Formation	of	
hurricanes	in	
the	eastern	
North	Atlantic	
linked	to	the	
northward	
surge	of	
Antarctic	
anticyclone	
over	the	South	
Atlantic.	



Observations	

Nitta	1970;	Zangvil and Yanay 1980;	Yanai and	Lu	
1983;	Libmann and	Hartmann	1984; Randel	1992;

• Only	extratropical waves	with	westward	phase	
speeds	larger	than	the	zonal	mean	wind	can	
propagate	into	the	tropics

• Equatorial	upper	tropospheric	waves	are	excited	
by	meridional propagation	of	extratropical waves

• The	strongest	influence	manifests	over	the	Pacific	
and	Atlantic	Oceans	
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Matthews	and	Kiladis 1999;	Straus	and	Lindzen
2000;	Lin	et	al.	2000;

• Baroclinically unstable	disturbances	of	
midlatitudes modulate	the	tropical	convection

• Midlatitude storms	maintain	the	intra-seasonal	
variability	of	the	tropics	

Observations
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De	Souza et	al.	2005; Castro	Cunningham	and	De	
Albuquerque	Cavalcanti 2006;	Knippertz 2007;	van	
der	Wiel et	al.	2016;

Impact	on	ITCZ,	SPCZ,	and	SACZ	
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Fig. 5. Meteosat infrared image of a tropical plume over northwest Africa at 00 UTC 31 March 
2002. Superimposed arestreamlines and isotachs on the 345-K isentropic level (dashed contours at 40, 
50, 60, and 70ms−1) from the ECMWFTOGA analysis. The 345-K level is close to 200 hPa in the 
Tropics. Streamlines indicate extratropical wave incursion into the Tropics. (Reprinted from 
Knippertz [2007] ©Elsevier. Used with permision). 
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• Extratropical	transient	
upper	level	troughs	
propagating	eastward	and	
equatorward	(PV	
streamers)	have	been	
linked	to	elongated	
tropical	cloud	bands	in	the	
ITCZ,	SPCZ,	and	SACZ

• During	boreal	winter	a	
Rossby wave	train	
dominates	in	the	NH	and	
during	the	boreal	summer	
the	Rossby wave	train	
prevails	in	the	SH

Knippertz 2007



Ramaswamy 1962,	1969;	Raman	and	Rao	1981;	
Yasunari 1986;	Chattopadhyay et	al.	1994;	Kripalani
et	al.	1997;	Srivastava	et	al.	2014;	Samanta et	al.,	
2016	

Summer	Monsoon	Breaks
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• Midlatitude circulation	regimes	with	large	
amplitudes	favor	the	troughs	in	the	westerlies	to	
extend	over	India	causing	monsoon	breaks,	
which	can	last	between	3-5	days	or	17-20	days

Vizy and	Cook	2009,	2014;	Chauvin	et	al.	2010;	
Roehring et	al.	2011;

• West	African	monsoon	experiences	dry	spells	(2-
10	days)	associated	with	midlatitude intrusions	of	
cold,	dry	air	from	Europe



Cold	Air	Surges
• Asia	Pacific	region

• South	Pacific	and	South	America

• Central	America	and	the Caribbean

• Africa

• Indian	Ocean	and	the Maritime	Continent

• Along the east coast of Australia

• North	America
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Modeling
Charney 1969;	Bennett	and	Young	1971;	Webster	and	Holton	
1982;	Zhang	and	Webster	1989;		Zhang	1993;	Frederiksen and	
Frederiksen 1997;	Hoskins	and	Yang	2000;

• Propagation	in	the	meridional	direction	in	the	presence	of	
mean	easterly	flow	was	only	possible	if	the	phase	velocity	of	
the	midlatitude wave	is	more	easterly	than	the	mean	flow	

• Large-scale	disturbances	generated	in	the	northern	middle	
latitudes	may	have	a	significant	influence	on	equatorial	
regions	and	the	opposite	hemisphere	if	a	westerly	duct	is	
present

• The	equatorial	response	to	extratropical	forcing	does	not	
rely	on	the	presence	of	westerly	winds,	but	is	due	to	a	direct	
projection	of	the	forcing	onto	equatorially	trapped	waves.	
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3. What	are	the	systematic	aspects	and	mechanisms	
of	extratropical initiation	and	maintenance	of	
organized	tropical	convection?

The	influence	of	the	Midlatitudes on	the	Tropics

Question
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Observations	and	Modeling	
Lau	and	Phillips	1984;	Straus	and	Lindzen 2000;	
Krishnan	et	al.	2009;	Moore	et	al.	2010;	Frederiksen
and	Lin	2013

(2) The circulation associated with the combination of the MJO and the background
state can later guide the extratropical waves in (1) back into or parallel to the
tropics in other geographical regions.

(3) These extratropical waves disturb the equatorial waveguide and further influence
the local development and organization of convection associated with the MJO.

(4) The tropical convection influenced by extratropical waves can then redistribute
mass, yielding Rossby wave dispersion to the extratropics, resulting in a
continuously interactive feedback loop.

Consistent with this view, Moore et al. (2010) demonstrate that Rossby waves
initially forced by convection within the MJO frequently break across the subtropics
and in turn modulate further development of tropical convection. Figure 14.4
illustrates how the active convective phase of the MJO approaching the maritime
continent region is associated with Rossby wave development near South East Asia
and extension of a subtropical jet stream eastward across the Central Pacific basin
(figure adapted from Moore et al., 2010). An anticyclonic wave-breaking event
frequently develops across the Central Pacific basin at this stage of the MJO,
which yields an upper-level trough in the deep tropics. Although this trough
enhances convection on its eastern side, it suppresses convection on its western
side, reinforcing the suppressed convective phase of the MJO over the west central
Pacific basin.

The above works taken together suggest that the MJO might influence
extratropical flow and then in turn be modulated thereby. Apparent dependence
of the MJO on baroclinic instability along the subtropical jet stream (e.g., Straus

14.5 Two-way interactions between the tropics and extratropics 505]Sec. 14.5

Figure 14.4. Schematic representation of the MJO and its associated patterns across higher
latitudes as its active convection approaches the maritime continent, highlighting its
association with breaking Rossby waves across the Central Pacific basin. LC1 refers to an
anticyclonic wave-breaking event (adapted from Moore et al., 2010).

Roundy,	2011	

• Rossby waves	
excited	by	MJO	
convective	
activity	break	in	
the	subtropics	
and	further	
modulate	the	
convective	
activity	in	the	
Tropics

• Monsoon	breaks	– midlatitude circulation	
feedbacks	lead	to	long-lasting	droughts	over	India
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Two-way	Interactions	and	Feedbacks

4. To	what	extent	are	the	dominant	tropical	and	
extratropical intraseasonal oscillation	
connected?

Questions
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The	influence	of	Tropics	onto	Midlatitudes in	Forecasts

Feranti et	al.	1990;	Waliser et	al.	2003;	Vitart and	
Molteni 2010;	Riddle	et	al.	2013;	Vitart 2013;	
Molteni et	al.	2015;	Vitart 2017

• Extended-range	
forecasts	of	midlatitude
large-scale	circulation	
with	small	errors	in	the	
simulation	of	tropical	
heating	are	skillful

• MJO	has	significant	
impact	on	the	
midlatitude forecast	
especially	for	days	19-25

Evolution of ECMWF sub-seasonal forecast skill scores over the past 10 years
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Figure 9: Evolution of the NAO skill scores (correlation between the ensemble mean NAO index and the NAO
index computed from ERA Interim) for the period day 19-25 for all the cases when there is an MJO in the initial
conditions (amplitude of the MJO index larger than 1 independently of the phase) and when there is no MJO in the
initial conditions (amplitude of the MJO index less than 1).

the NAO skill scores have been much stronger when there was an MJO in the initial conditions than when
there was no MJO in the initial conditions, suggesting that the major part of the improvements in NAO
skill scores displayed in Figures 7 and 8 come from improvements in the prediction of the MJO. Figure
9 also suggests that in the first years of the ECMWF monthly forecasts, the presence of an MJO had a
negative impact on the NAO skill scores, with lower NAO skill scores when there was an MJO in the
initial conditions. However, since 2008, the presence of an MJO in the initial conditions has a positive
impact on the NAO skill scores. This can be explained by the fact that the MJO amplitude was too weak
before 2007, making it difficult for the ECMWF model to reproduce correctly its teleconnections in the
Extratropics as shown in Figure 5. Since 2008, the impact of the MJO on the Extratropics is much more
realistic and the ECMWF model can now reproduce a realistic impact of the MJO on the NAO.

5 Sudden Stratospheric Warmings

Sudden stratospheric warmings (SSWs), where the polar vortex of westerly winds in the winter hemi-
sphere abruptly (i.e. over the course of a few days) slows down or even reverses direction, accompanied
by a rise of stratospheric temperature by several tens of kelvins, are considered a potential source of

16 Technical Memorandum No. 694

Vitart,	2013

NAO	Index	for	19-25	day
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Remaining	Challenges
• Can	we	understand	midlatitude teleconnections	from	the	

fluctuating	tropical	heating	as	time-lagged	stationary	wave	
responses	to	the	heating,	or	does	time-dependent	wave	
interface	play	a	role	in	the	response?

• How	do	intense	midlatitude storms	and	poleward
propagating	tropical	storms	interact	with	the	polar	vortex	
and	alter	the	annular	modes	on	sub-seasonal	time	scales?

• To	what	extent	are	the	dominant	tropical	and	extratropical
intraseasonal oscillation	connected?

– What	aspects	of	intra-seasonal	heating	arising	from	tropical	
convection	are	most	important	for	forcing	extra-tropical	
responses?	
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Remaining	Challenges
• What	is	the	sensitivity	to	vertical	and	horizontal	

structure	and	to	temporal	evolution	of	the	
heating,	and	why?	

• Does	tropical	forcing	amplify	the	intrinsic	
extratropical intraseasonal variability	or	excite	
new	perturbations?

• What	explains	the	hemispheric	asymmetry	of	the	
responses	to	tropical	forcing?	

• Role	of	the	basic	state	errors	in	simulation	of	
tropical-midlatitude interactions
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