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1c shows y. Small-scale westward and eastward waves are
observed, but large-scale envelopes are not clear in the y
field. Figure 1d shows convective heating. Convection is
a small-scale, short-duration process, but two organized,
long-lasting events are observed, and they are collocated
with events A and B in Fig. 1a and with large-scale di-
vergence in Fig. 1b. Similar to the observation, large-scale
divergence is collocated with convective centers, and dy-
namical fields are coupled to convection.
Figure 2 shows the Hovm€oller diagrams of the zonal

wind from T85 and T170 simulations with the same pa-
rameters as the T42 simulations of Fig. 1b. The size of the
convection in kilometers is the same. They both show
propagation speeds and horizontal structures that are
similar to the T42 simulations. This comparison suggests
that the T42 simulations have already converged. When
R is 3.08, convection is notwell resolved inT42 simulations,
and this induces discontinuities between grid points.

However, such discontinuity can be smoothed out by hy-
perviscosity. As a result, T42 simulations produce similar
results to T85 and T170 simulations, where convection is
well resolved. In the rest of the paper, the simulation re-
sults are from the T42 simulations, unless otherwise noted.
To understand the multiscale structures in our simu-

lation, we carried out space–time spectral analysis as
pioneered by Wheeler and Kiladis (1999, hereafter
WK99). Figures 3a and 3b show the symmetric and

FIG. 2. Hovm€oller diagrams of zonal wind from (a) T85 and
(b) T170 simulations. Colors and contour intervals are as in Fig. 1b.

FIG. 3. Zonal wavenumber–frequency power spectra of zonal
wind from 2158 to 158 latitude for (a) symmetric and (b) anti-
symmetric components. Red represents high-power density, and
blue represents low-power density. Red, blue, black, and green
lines denote dispersion curves of IG, Rossby, Kelvin, and MRG
waves, respectively, for different meridional modes. The white box
in (a) ranges from 1 to 5 in wavenumber and from 1/60 to 1/200 cpd
in frequency. The logarithm to the base 10 is taken for plotting, and
the contour interval is 0.5.
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region’s OLR is relatively insensitive to surface warming, it is the 
properties of the dry region—its temperature, water vapor profiles, 
and spatial area—that primarily determine the tropics’ OLR and 
how OLR responds to climate forcings.

(I2) We are interested in the atmospheric temperature in the dry 
region and thereby in how buoyancy is distributed in the tropical 
atmosphere. Buoyancy is an upward force by virtue of the density 
difference between an air parcel and the surrounding environment. 
In Earth’s atmosphere, buoyancy is determined by its temperature 
and water vapor mixing ratio (kg/kg). We shall use this relationship 
between buoyancy, temperature, and water vapor content to under-
stand the dry-region temperature profile. The WBG approximation 
simplifies the dynamics of the tropical free troposphere by assuming 
buoyancy to be horizontally homogeneous. In the tropics, the effect 
of planetary rotation is comparatively small, so gravity waves can 
effectively smooth out horizontal buoyancy anomalies (18–20). 
Sometimes, this is further simplified to the weak temperature gradient 
approximation, which assumes that water vapor has a negligible effect 
on buoyancy. However, for our purposes, we must be more precise.

(I3) The vapor buoyancy effect, also known as the virtual effect, 
accounts for how the molecular weight of water vapor influences 
the buoyancy of moist air. Water vapor has a molecular mass of 
18 g/mol, considerably less than the mass of dry air at 29 g/mol. 
A parcel of moist air is lighter and more buoyant than a parcel of 
dry air at the same temperature and pressure. To capture this effect, 
we use virtual temperature to represent buoyancy

    T  v   = T (     1 + r / 1 ─  ڙ + r    )     (1)

T is the parcel’s temperature (K), r is its water vapor mixing ratio 
(kg/kg), and ڙ = Mv/Md, where Mv and Md are the average molecular 
mass of water vapor and dry air, respectively.

The above ingredients produce the vapor buoyancy feedback 
(Fig. 1). In the tropical atmosphere, the temperature profile of the 
moist region is set by convective storms, and temperature must 
increase toward the dry region, balancing reduced vapor buoyancy 
according to WBG (dark red line in Fig. 1A). This makes the dry 
region warmer than it otherwise would be in the absence of vapor 

buoyancy (light red line in Fig. 1A). The greater temperature leads 
to more OLR. This is a negative radiative effect, and its magnitude depends 
on the humidity contrast between the moist and dry regions (Fig. 1B). 
Assuming that RH remains the same, the specific humidity contrast 
increases with warming, leading to a larger horizontal temperature dif-
ference and thereby a stronger radiative effect of vapor buoyancy in a 
warmer climate (Fig. 1B). This is thus a negative feedback, stabiliz-
ing the climate.

The vapor buoyancy feedback represents a substantial departure 
from the current understanding of the tropical lapse rate feedback, 
in which latent heating causes the moist adiabatic lapse rate to decline 
with climate warming (22). The upper troposphere warms more 
than the surface, increasing OLR. That process can be represented in a 
single column. However, the origin and amplitude of the vapor buoyancy 
feedback depend on horizontal distributions of temperature and mois-
ture. Understanding the vapor buoyancy feedback, therefore, requires 
at least two columns (17) or even two dimensions as in this study.

We make three predictions according to this theory:
(P1) There is a substantial horizontal temperature gradient in the 

lower free troposphere where WBG is effective and where water va-
por is abundant (Fig. 1A).

(P2) The vapor buoyancy effect increases OLR (Fig. 1).
(P3) The strength of this effect increases with surface tempera-

ture (Fig. 1B).

RESULTS
We test the vapor buoyancy feedback using two-dimensional (2D) 
cloud-resolving simulations of idealized overturning circulations 
with identifiable moist and dry patches. We perform these numerical 
simulations over a wide range of SSTs. At a given SST, we perform 
two simulations: a control simulation with the vapor buoyancy effect, 
and a mechanism-denial simulation without the vapor buoyancy 
effect. This pair of simulations highlights the effect of vapor buoyancy. 
A similar approach has been widely used, e.g., to study the radiative 
effect of clouds in climate models. To implement the idealized circu-
lations, we use convective self-aggregation, a phenomenon in which 
an atmosphere under uniform boundary conditions spontaneously 
develops a large-scale overturning circulation with an ascending 

Fig. 1. Proposed mechanism of the vapor buoyancy feedback. (A) The atmosphere is organized into moist and dry regions, with the dry region being responsible for 
most of the atmosphere’s OLR. In an atmosphere with vapor buoyancy, the WBG necessitates a warmer dry region than if there were no vapor buoyancy effect, which 
increases OLR. (B) The expected dependence of OLR on column water vapor according to our hypothesis. We expect there to be little difference in the OLR originating 
from the moist regions, but the vapor buoyancy effect will yield greater OLR in the dry region. We expect this OLR difference to be greater in warmer climates. This con-
stitutes a negative climate feedback.
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Figure 2. Map views of surface pressure and surface wind speed at t = 60 days for simulations 

with 2-km resolution. (a-c) contours of surface pressure (hPa) and  (d-f) and surface wind speed 

(m/s). The first, second and third columns correspond to the Control, HomoRad and 

HomoRad+HomoSfc simulations, respectively.  

 



The Madden-Julian Oscillation is the most dominant intraseasonal oscillation 
in the tropical atmosphere. 

Recent review papers: 
Zhang, Adames, Khouider, Wang, and Yang (2020, Review of Geophysics)
Yang, Adames, Khouider, Wang, Zhang (2020, The Multi-Scale Global 
Monsoon System)
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Figure 1. Spatial and phase-space perspectives of the Madden-Julian Oscillation. a) The phase space depiction of the MJO, again according

to OMI for all MJO cases from January 1, 1980 through December 31, 2016.; (b) The spatial evolution of the MJO through its eight-phase

phase space according to the outgoing longwave radiation MJO index (OMI)
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Z250 signals near the subtropical jet exit7,36,37 (where the westerly 
decelerates; ∂!U=∂x<0

I
). This is due to barotropic energy conver-

sion, which allows waves to effectively extract energy from the zon-
ally asymmetric climatology7,38,39. The positive Z250 anomaly over the 
Northeast Pacific is associated with large-scale subsidence and dry-
ing near the west coast of North America. An opposite teleconnec-
tion pattern was found in phase 7 (Supplementary Fig. 2). In phase 
1 and 5, the Rossby-wave trains are emitted from the Indian ocean 
and weakly affect the Northeast Pacific (Supplementary Fig. 2).  
Throughout the eight phases, the MJO teleconnection induces sub-
stantial Z250 variability that peaks near the jet exit (Fig. 1b). The 
associated ω500 and precipitation variability are strongest around 
30° N and along the west coast of North America. The simulated 
MJO teleconnection was compared against those constructed from 
two reanalysis datasets (Supplementary Fig. 3). The overall patterns 
are similar but the simulated pattern appears to be weaker and more 
eastward. The eastward bias is probably related to an eastward bias 
in the jet exit in GCMs (Fig. 1a, Supplementary Fig. 3a).

We show that the MJO–PNA teleconnection pattern will 
extend further eastward under anthropogenic warming, as indi-
cated by eastward shifts in both the centre and eastern flank of Z250  
(Fig. 1a,c). The eastward-extended teleconnection leads to a deeper 

intrusion and intensification of subsidence and drying (or ascent 
and wetting in phase 7) near the west coast of North America  
(Fig. 1a,c, Supplementary Fig. 2). A consistent eastward extension 
was found in phases 1 and 5 (Supplementary Fig. 2). As a result, the 
MJO-induced variability (measured by the s.d. across the phases) 
extends further eastward, with amplified variation in Z250 over 
the Northeast Pacific and in ω500 and precipitation along the west 
coast of North America (Fig. 1b,d). Focusing on the precipitation 
response, the Hovmöller diagram averaged over 30° N–40° N clearly 
illustrates that the MJO extratropical impacts extend further east-
ward, driving a larger precipitation variability over the downstream 
regions (Fig. 1e). Over California specifically, the MJO-induced 
precipitation variability is amplified by more than 50%, with the 
interphase s.d. increasing from 0.3 mm d−1 to 0.47 mm d−1 (Fig. 1f). 
It is also hinted that the eastward-extended teleconnection allows 
the MJO impacts to arrive earlier in phase in California (Fig. 1e, yel-
low line), leading to a forward shift in the MJO-phase-composited 
impacts (Fig. 1f).

In contrast to the notable eastward extension, the amplitude 
change of the MJO teleconnection is subtle in the multi-model 
mean, as measured by either the phase-composited Z250 peak 
value (Fig. 1a,c) or Z250 variability (Fig. 1b,d). As we discuss below, 
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Fig. 1 | Eastward-extended teleconnection pattern leads to amplified MJO impacts in the PNA region. a,c, Anomalous Z250 (contours at an interval of 12!m, 
solid for positive), ω500 (shading) and precipitation (cross symbols where the magnitude is larger than 0.35!mm!d−1, green for positive) associated with MJO 
phase 3 in HIST (a) and RCP8.5 (c). The subtropical jet, indicated by 250!hPa zonal wind (!U250

I
), is shown as purple contours (levels at 35!m!s−1, 50!m!s−1 

and 65!m!s−1). The dot denotes the Z250 centre (black for HIST and red for RCP8.5). EQ, Equator. b,d, MJO-induced variability in Z250 (Ẑ250
I

; contours at levels 
of 20!m and 30!m), ω500 (ω̂500

I
; shading) and precipitation (cross symbols where the magnitude is larger than 0.4!mm!d−1) in HIST (b) and RCP8.5 (d). The 

plus symbol denotes the mid-latitude Ẑ250
I

 centroid. The grey contour indicates the boundary of the active MJO region where ω̂500
I

 exceeds 9!hPa!d−1. The 
diamond symbol denotes the tropical ω̂500

I
 centroid (black for HIST and green for RCP8.5). e, Precipitation anomaly (P) averaged over 30°!N–40°!N in HIST 

and RCP8.5 as a function of the MJO phase and longitude. The yellow line indicates the longitude of California. f, Precipitation anomaly averaged over 
California (PCal) as a function of the MJO phase in HIST (blue) and RCP8.5 (red). The shading indicates the intermodel s.d.
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ally asymmetric climatology7,38,39. The positive Z250 anomaly over the 
Northeast Pacific is associated with large-scale subsidence and dry-
ing near the west coast of North America. An opposite teleconnec-
tion pattern was found in phase 7 (Supplementary Fig. 2). In phase 
1 and 5, the Rossby-wave trains are emitted from the Indian ocean 
and weakly affect the Northeast Pacific (Supplementary Fig. 2).  
Throughout the eight phases, the MJO teleconnection induces sub-
stantial Z250 variability that peaks near the jet exit (Fig. 1b). The 
associated ω500 and precipitation variability are strongest around 
30° N and along the west coast of North America. The simulated 
MJO teleconnection was compared against those constructed from 
two reanalysis datasets (Supplementary Fig. 3). The overall patterns 
are similar but the simulated pattern appears to be weaker and more 
eastward. The eastward bias is probably related to an eastward bias 
in the jet exit in GCMs (Fig. 1a, Supplementary Fig. 3a).

We show that the MJO–PNA teleconnection pattern will 
extend further eastward under anthropogenic warming, as indi-
cated by eastward shifts in both the centre and eastern flank of Z250  
(Fig. 1a,c). The eastward-extended teleconnection leads to a deeper 

intrusion and intensification of subsidence and drying (or ascent 
and wetting in phase 7) near the west coast of North America  
(Fig. 1a,c, Supplementary Fig. 2). A consistent eastward extension 
was found in phases 1 and 5 (Supplementary Fig. 2). As a result, the 
MJO-induced variability (measured by the s.d. across the phases) 
extends further eastward, with amplified variation in Z250 over 
the Northeast Pacific and in ω500 and precipitation along the west 
coast of North America (Fig. 1b,d). Focusing on the precipitation 
response, the Hovmöller diagram averaged over 30° N–40° N clearly 
illustrates that the MJO extratropical impacts extend further east-
ward, driving a larger precipitation variability over the downstream 
regions (Fig. 1e). Over California specifically, the MJO-induced 
precipitation variability is amplified by more than 50%, with the 
interphase s.d. increasing from 0.3 mm d−1 to 0.47 mm d−1 (Fig. 1f). 
It is also hinted that the eastward-extended teleconnection allows 
the MJO impacts to arrive earlier in phase in California (Fig. 1e, yel-
low line), leading to a forward shift in the MJO-phase-composited 
impacts (Fig. 1f).

In contrast to the notable eastward extension, the amplitude 
change of the MJO teleconnection is subtle in the multi-model 
mean, as measured by either the phase-composited Z250 peak 
value (Fig. 1a,c) or Z250 variability (Fig. 1b,d). As we discuss below, 
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Fig. 1 | Eastward-extended teleconnection pattern leads to amplified MJO impacts in the PNA region. a,c, Anomalous Z250 (contours at an interval of 12!m, 
solid for positive), ω500 (shading) and precipitation (cross symbols where the magnitude is larger than 0.35!mm!d−1, green for positive) associated with MJO 
phase 3 in HIST (a) and RCP8.5 (c). The subtropical jet, indicated by 250!hPa zonal wind (!U250

I
), is shown as purple contours (levels at 35!m!s−1, 50!m!s−1 

and 65!m!s−1). The dot denotes the Z250 centre (black for HIST and red for RCP8.5). EQ, Equator. b,d, MJO-induced variability in Z250 (Ẑ250
I

; contours at levels 
of 20!m and 30!m), ω500 (ω̂500

I
; shading) and precipitation (cross symbols where the magnitude is larger than 0.4!mm!d−1) in HIST (b) and RCP8.5 (d). The 

plus symbol denotes the mid-latitude Ẑ250
I

 centroid. The grey contour indicates the boundary of the active MJO region where ω̂500
I

 exceeds 9!hPa!d−1. The 
diamond symbol denotes the tropical ω̂500

I
 centroid (black for HIST and green for RCP8.5). e, Precipitation anomaly (P) averaged over 30°!N–40°!N in HIST 

and RCP8.5 as a function of the MJO phase and longitude. The yellow line indicates the longitude of California. f, Precipitation anomaly averaged over 
California (PCal) as a function of the MJO phase in HIST (blue) and RCP8.5 (red). The shading indicates the intermodel s.d.
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The MJO-induced teleconnection pattern extends eastward in warmer 
climates, leading to enhanced rainfall variabilities in California by about 50%



Why does the teleconnection pattern shift eastward?

Hypothesis 1: the MJO circulation extends eastward

Hypothesis 2: the background jet structures shift eastward

We test the hypothesis by using a linear baroclinic model (LBM)

LBM: primitive equations linearized about a mean state
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there is large uncertainty in the teleconnection amplitude change  
among models.

Causes of the eastward-extended MJO teleconnection
In light of the profound impacts of the eastward-extended MJO tele-
connection, it is important to understand its causes. The MJO tele-
connection pattern depends on both the tropical MJO forcing and 
the extratropical large-scale mean state, which modulate the source 
and propagation of the Rossby-wave train, respectively34,40–42. Under 
anthropogenic warming, notable changes are projected in both fac-
tors. In the tropics, the MJO-phase-composited ω500 extends further 
eastward into the Central Pacific (Fig. 1a,c), and both the centroid 
and boundary of the MJO ω500 variability move eastward (Fig. 1b,d). 
This eastward extension of the MJO itself has been noted in pre-
vious studies32,43,44 and may drive a corresponding change in the 
extratropical teleconnection. In the extratropics, the subtropical 
jet exit is projected to shift eastward45 (Fig. 1a,c, purple contours). 
The MJO teleconnection pattern, which is anchored on the jet exit 
through the barotropic energy conversion, may extend eastward 
correspondingly.

To test these hypotheses and examine their relative importance, 
we turned to a simple linear baroclinic model (LBM) that simulates 
linear responses to an eastward-propagating MJO heating in the 
presence of a prescribed large-scale mean state (see Methods). With 
imposed MJO heating and mean state calculated from the HIST 
simulations of GCMs, LBM reasonably captures the tropical MJO 
circulation and its extratropical teleconnection pattern (Fig. 2a). 
The Z250 responses peak near the jet exit region, similar to those in 
reanalysis and comprehensive GCMs. Under anthropogenic warm-
ing, the MJO heating extends eastward and increases, whereas the 
mean state changes feature an eastward shift of the jet exit and a 
larger dry static stability (Supplementary Fig. 4). When both 
the MJO heating and mean state are changed to those in RCP8.5  
(Fig. 2b), the teleconnection pattern extends eastward by 8° (mea-
sured by shift in the Z250 centre) and weakens slightly. The effect 

of the eastward extension dominates and leads to an ampli-
fied large-scale descent near the west coast of North America. 
Simulations with changing mean state (Fig. 2c) or MJO heating 
(Fig. 2d) only were conducted to further decompose the causes. 
We show that the eastward-extended teleconnection is mainly 
driven by the jet-exit shift, which leads to a 6° teleconnection shift  
(Fig. 2c), and is also contributed by the eastward-extended MJO 
heating, which leads to a smaller 2° shift (Fig. 2d). The slightly weak-
ened teleconnection amplitude reflects a net result of the opposing 
effects of the larger static stability (Fig. 2c) and the stronger MJO 
heating (Fig. 2d). Considering the bias of the climatological jet in 
the multi-model mean of GCMs, we have conducted additional 
LBM simulations with inputs from models with a good representa-
tion of the climatological jet. It is confirmed that the MJO telecon-
nection extends eastward provided that the jet exit shifts eastward 
(Supplementary Fig. 5).

Drivers of MJO extension and jet-exit shift
What then drives the eastward extension of the MJO itself and the 
eastward shift of the subtropical jet exit? The distribution of the MJO 
activity is known to be sensitive to the tropical warming pattern46. 
Here we provide further evidence that the zonally asymmetric warm-
ing along the Equator drives the eastward extension of the MJO. 
To demonstrate this point, Atmospheric Model Intercomparison 
Project (AMIP)-style simulations forced with uniform warming 
(AMIP4K) and projected patterned warming (AMIPFuture) were 
used (see Methods). Although these AMIP-style experiments do not 
consider the atmosphere–ocean coupling, their MJO propagation 
characteristics are similar to those of coupled models, as shown by 
the Hovmöller diagram of the equatorial-mean ω500 (Fig. 3a–c). We 
show that the eastward MJO extension projected in coupled mod-
els (Fig. 3a) is absent in AMIP4K with uniform warming (Fig. 3b)  
and is reproduced only in AMIPFuture with patterned warming 
(Fig. 3c). The projected warming pattern features enhanced warm-
ing east of the climatological warm pool (Fig. 3d), which works 
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The LBM reproduces the CMIP results with prescribed climatology and MJO

An eastward shift is observed!
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there is large uncertainty in the teleconnection amplitude change  
among models.

Causes of the eastward-extended MJO teleconnection
In light of the profound impacts of the eastward-extended MJO tele-
connection, it is important to understand its causes. The MJO tele-
connection pattern depends on both the tropical MJO forcing and 
the extratropical large-scale mean state, which modulate the source 
and propagation of the Rossby-wave train, respectively34,40–42. Under 
anthropogenic warming, notable changes are projected in both fac-
tors. In the tropics, the MJO-phase-composited ω500 extends further 
eastward into the Central Pacific (Fig. 1a,c), and both the centroid 
and boundary of the MJO ω500 variability move eastward (Fig. 1b,d). 
This eastward extension of the MJO itself has been noted in pre-
vious studies32,43,44 and may drive a corresponding change in the 
extratropical teleconnection. In the extratropics, the subtropical 
jet exit is projected to shift eastward45 (Fig. 1a,c, purple contours). 
The MJO teleconnection pattern, which is anchored on the jet exit 
through the barotropic energy conversion, may extend eastward 
correspondingly.

To test these hypotheses and examine their relative importance, 
we turned to a simple linear baroclinic model (LBM) that simulates 
linear responses to an eastward-propagating MJO heating in the 
presence of a prescribed large-scale mean state (see Methods). With 
imposed MJO heating and mean state calculated from the HIST 
simulations of GCMs, LBM reasonably captures the tropical MJO 
circulation and its extratropical teleconnection pattern (Fig. 2a). 
The Z250 responses peak near the jet exit region, similar to those in 
reanalysis and comprehensive GCMs. Under anthropogenic warm-
ing, the MJO heating extends eastward and increases, whereas the 
mean state changes feature an eastward shift of the jet exit and a 
larger dry static stability (Supplementary Fig. 4). When both 
the MJO heating and mean state are changed to those in RCP8.5  
(Fig. 2b), the teleconnection pattern extends eastward by 8° (mea-
sured by shift in the Z250 centre) and weakens slightly. The effect 

of the eastward extension dominates and leads to an ampli-
fied large-scale descent near the west coast of North America. 
Simulations with changing mean state (Fig. 2c) or MJO heating 
(Fig. 2d) only were conducted to further decompose the causes. 
We show that the eastward-extended teleconnection is mainly 
driven by the jet-exit shift, which leads to a 6° teleconnection shift  
(Fig. 2c), and is also contributed by the eastward-extended MJO 
heating, which leads to a smaller 2° shift (Fig. 2d). The slightly weak-
ened teleconnection amplitude reflects a net result of the opposing 
effects of the larger static stability (Fig. 2c) and the stronger MJO 
heating (Fig. 2d). Considering the bias of the climatological jet in 
the multi-model mean of GCMs, we have conducted additional 
LBM simulations with inputs from models with a good representa-
tion of the climatological jet. It is confirmed that the MJO telecon-
nection extends eastward provided that the jet exit shifts eastward 
(Supplementary Fig. 5).

Drivers of MJO extension and jet-exit shift
What then drives the eastward extension of the MJO itself and the 
eastward shift of the subtropical jet exit? The distribution of the MJO 
activity is known to be sensitive to the tropical warming pattern46. 
Here we provide further evidence that the zonally asymmetric warm-
ing along the Equator drives the eastward extension of the MJO. 
To demonstrate this point, Atmospheric Model Intercomparison 
Project (AMIP)-style simulations forced with uniform warming 
(AMIP4K) and projected patterned warming (AMIPFuture) were 
used (see Methods). Although these AMIP-style experiments do not 
consider the atmosphere–ocean coupling, their MJO propagation 
characteristics are similar to those of coupled models, as shown by 
the Hovmöller diagram of the equatorial-mean ω500 (Fig. 3a–c). We 
show that the eastward MJO extension projected in coupled mod-
els (Fig. 3a) is absent in AMIP4K with uniform warming (Fig. 3b)  
and is reproduced only in AMIPFuture with patterned warming 
(Fig. 3c). The projected warming pattern features enhanced warm-
ing east of the climatological warm pool (Fig. 3d), which works 
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The mean state shift dominates the eastward extension of the teleconnection
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large-scale mean state and imply increased predictability beyond 
week 2 over winter North America.

In contrast to the notable eastward extension, the amplitude 
change of the MJO teleconnection is subtle in the multi-model 
mean and is uncertain among models. This uncertainty is not nec-
essarily dominated by the tropical MJO forcing but can come from 
extratropical dynamics, such as changes in the dry static stabil-
ity, zonal asymmetry of the large-scale flow and high-frequency 
eddy interaction. Future studies are needed to investigate the 
detailed mechanisms and constrain the uncertainty. Our research 
has focused on the PNA region, which is located downstream of 
the eastward teleconnection extension, and on the winter sea-
son when the MJO propagates more zonally. Further studies are 
needed to explore potential changes of the MJO impacts in other 
regions and seasons.
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Fig. 5 | Intermodel scatterplots. a, Eastward shift of the jet exit versus 
eastward extension of the MJO teleconnection. The 11 selected models 
are indexed, whereas the 14 models that were not selected are denoted by 
green dots. The cross indicates the 11-model mean. b, Eastward extension 
of the MJO itself versus eastward extension of the MJO teleconnection. 
c, Eastward extension of the MJO teleconnection versus amplified MJO 
impacts in California (black for ω500; red for precipitation). d, Eastward shift 
of the jet exit versus amplified MJO impacts in California (black for ω500; 
red for precipitation). e, MJO amplitude change versus teleconnection 
amplitude change. f, Teleconnection amplitude change versus amplified 
MJO impacts in California (black for ω500; red for precipitation). Pearson 
correlation coefficients r are shown. Correlation is significant at a P value of 
0.05 if r!>!0.58.
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In CMIP simulations, the eastward extension of the teleconnection is highly 
correlated with the eastward shift of the jet structure (exit region)



Amplified Madden–Julian Oscillation impacts in the Pacific–North 
America region in a warmer climate

The changes depend on the eastward shift of jet 
structures (related to changes in stationary waves).

The changes do NOT depend on detailed MJO 
physics, which is highly uncertain. 
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Z250 signals near the subtropical jet exit7,36,37 (where the westerly 
decelerates; ∂!U=∂x<0

I
). This is due to barotropic energy conver-

sion, which allows waves to effectively extract energy from the zon-
ally asymmetric climatology7,38,39. The positive Z250 anomaly over the 
Northeast Pacific is associated with large-scale subsidence and dry-
ing near the west coast of North America. An opposite teleconnec-
tion pattern was found in phase 7 (Supplementary Fig. 2). In phase 
1 and 5, the Rossby-wave trains are emitted from the Indian ocean 
and weakly affect the Northeast Pacific (Supplementary Fig. 2).  
Throughout the eight phases, the MJO teleconnection induces sub-
stantial Z250 variability that peaks near the jet exit (Fig. 1b). The 
associated ω500 and precipitation variability are strongest around 
30° N and along the west coast of North America. The simulated 
MJO teleconnection was compared against those constructed from 
two reanalysis datasets (Supplementary Fig. 3). The overall patterns 
are similar but the simulated pattern appears to be weaker and more 
eastward. The eastward bias is probably related to an eastward bias 
in the jet exit in GCMs (Fig. 1a, Supplementary Fig. 3a).

We show that the MJO–PNA teleconnection pattern will 
extend further eastward under anthropogenic warming, as indi-
cated by eastward shifts in both the centre and eastern flank of Z250  
(Fig. 1a,c). The eastward-extended teleconnection leads to a deeper 

intrusion and intensification of subsidence and drying (or ascent 
and wetting in phase 7) near the west coast of North America  
(Fig. 1a,c, Supplementary Fig. 2). A consistent eastward extension 
was found in phases 1 and 5 (Supplementary Fig. 2). As a result, the 
MJO-induced variability (measured by the s.d. across the phases) 
extends further eastward, with amplified variation in Z250 over 
the Northeast Pacific and in ω500 and precipitation along the west 
coast of North America (Fig. 1b,d). Focusing on the precipitation 
response, the Hovmöller diagram averaged over 30° N–40° N clearly 
illustrates that the MJO extratropical impacts extend further east-
ward, driving a larger precipitation variability over the downstream 
regions (Fig. 1e). Over California specifically, the MJO-induced 
precipitation variability is amplified by more than 50%, with the 
interphase s.d. increasing from 0.3 mm d−1 to 0.47 mm d−1 (Fig. 1f). 
It is also hinted that the eastward-extended teleconnection allows 
the MJO impacts to arrive earlier in phase in California (Fig. 1e, yel-
low line), leading to a forward shift in the MJO-phase-composited 
impacts (Fig. 1f).

In contrast to the notable eastward extension, the amplitude 
change of the MJO teleconnection is subtle in the multi-model 
mean, as measured by either the phase-composited Z250 peak 
value (Fig. 1a,c) or Z250 variability (Fig. 1b,d). As we discuss below, 

Phase-3 compositeHIST

60° N

30° N

La
tit

ud
e

EQ

60° N

30° N

La
tit

ud
e

EQ

60° E 120° E 120° W 60° W180°
Longitude

60° E 120° E 120° W 60° W180°
Longitude

RCP8.5

HIST

60° N

30° N

La
tit

ud
e

EQ

60° N

30° N

La
tit

ud
e

EQ

60° E 120° E 120° W 60° W180°
Longitude

60° E 120° E 120° W 60° W180°
Longitude

RCP8.5

Interphase variability

20

10

–10

–20

ω 50
0 

(h
P

a 
d–1

)

29

24

19

14

9

17.5

15.0

12.5

7.5

5.0

TropicsE
xt

ra
tr

op
ic

s

Pcal

HIST
RCP8.5

0.8

0.4

0

–0.4

–0.8

(m
m

 d
–1

)

1 2 3 4 5
MJO phase

6 7 8

0.60

0.45

0.30

0.15

–0.15

–0.30

–0.45

–0.60

(m
m

 d
–1

)

RCP8.5P30° N–40° NP30° N–40° N
8

7

6

5

4

3

2
1

8

7

6

5

4

3

2
1

HIST

M
JO

 p
ha

se

180° 140° W 100° W 180°
Longitude Longitude

140° W 100° W

a b

c d

e f

ω 50
0 

(h
P

a 
d–1

)
ˆ

Fig. 1 | Eastward-extended teleconnection pattern leads to amplified MJO impacts in the PNA region. a,c, Anomalous Z250 (contours at an interval of 12!m, 
solid for positive), ω500 (shading) and precipitation (cross symbols where the magnitude is larger than 0.35!mm!d−1, green for positive) associated with MJO 
phase 3 in HIST (a) and RCP8.5 (c). The subtropical jet, indicated by 250!hPa zonal wind (!U250

I
), is shown as purple contours (levels at 35!m!s−1, 50!m!s−1 

and 65!m!s−1). The dot denotes the Z250 centre (black for HIST and red for RCP8.5). EQ, Equator. b,d, MJO-induced variability in Z250 (Ẑ250
I

; contours at levels 
of 20!m and 30!m), ω500 (ω̂500

I
; shading) and precipitation (cross symbols where the magnitude is larger than 0.4!mm!d−1) in HIST (b) and RCP8.5 (d). The 

plus symbol denotes the mid-latitude Ẑ250
I

 centroid. The grey contour indicates the boundary of the active MJO region where ω̂500
I

 exceeds 9!hPa!d−1. The 
diamond symbol denotes the tropical ω̂500

I
 centroid (black for HIST and green for RCP8.5). e, Precipitation anomaly (P) averaged over 30°!N–40°!N in HIST 

and RCP8.5 as a function of the MJO phase and longitude. The yellow line indicates the longitude of California. f, Precipitation anomaly averaged over 
California (PCal) as a function of the MJO phase in HIST (blue) and RCP8.5 (red). The shading indicates the intermodel s.d.
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