
1. Introduction
In the past 2 decades, atmospheric rivers (ARs) have garnered continuous scientific interest and public at-
tention due to their contributions to regional hydrological impacts including sources of freshwater supply, 
snow accumulation, floods, and precipitation extremes (Dettinger, 2013; Gorodetskaya et al., 2014; Guan 
et al., 2010, 2013; Kamae et al., 2017; Lavers et al., 2011; Nash et al., 2018; Neiman et al., 2013; Waliser & 
Guan, 2017). While ARs are closely associated with midlatitude synoptic systems (J. W. Bao et al., 2006; 
Dacre et  al.,  2015; Z. Zhang et  al.,  2019), their activity is significantly modulated by modes of tropical 
variability like the Madden-Julian Oscillation (MJO, Guan & Waliser, 2015; Madden & Julian, 1972; Mund-
henk et al., 2016; Payne & Magnusdottir, 2014), which has shown to have important impacts on midlati-
tude weather and climates (Ferranti et al., 1989; Stan et al., 2017; C. D. Zhang, 2013) such as storm tracks 
(Deng & Jiang, 2011; Zheng et al., 2018), atmospheric blocking events (Hamill & Kiladis, 2014; Henderson 
et al., 2016), and the Pacific-North America circulation pattern (Mori & Watanabe, 2008; J. Wang et al., 2020; 
W. Zhou et al., 2020). The landfalling ARs over North America and the associated California precipitation 
and snow accumulation are significantly intensified when the MJO convection is over the western Pacific 
(Guan et al., 2012, 2013; Payne & Magnusdottir, 2014). Given that the MJO is the dominant source of sub-
seasonal predictability (Brunet et al., 2010; H. Kim et al., 2018; C. D. Zhang, 2013), the prediction of landfall-
ing ARs shows some promise to be extended to 3–5 weeks lead time considering the MJO-AR connections 
(Baggett et al., 2017; DeFlorio et al., 2018, 2019; Mundhenk et al., 2018).

An AR event generally originates in the ocean and terminates after landfall (Guan & Waliser,  2019; Xu 
et al., 2020; Y. Zhou et al., 2018). The lifecycle of ARs, that is, the spatiotemporal evolution of moisture 
transport, is modulated by atmospheric circulation patterns (Guirguis et al., 2018; Y. Zhou & Kim, 2019). 

Abstract We investigate how the Madden-Julian Oscillation (MJO), the dominant mode of tropical 
subseasonal variability, modulates the lifecycle of cool-season North Pacific atmospheric rivers (ARs). 
When the enhanced (suppressed) convection center is located over the Indian Ocean (western Pacific), 
more AR events originate over eastern Asia and with fewer over the subtropical northern Pacific. When 
the enhanced (suppressed) convection is over the western Pacific (Indian Ocean), the opposite changes 
occur, with more AR events originate over the subtropical northern Pacific and fewer over eastern Asia. 
Dynamical processes involving anomalous MJO wind and seasonal mean moisture are found to be the 
dominant factors impacting these variations in AR origins. The MJO-related anomalous geopotential 
height patterns are also shown to modulate the propagation of the AR events. These MJO–AR lifecycle 
relationships are further supported by model simulations.

Plain Language Summary Atmospheric rivers (ARs) are strong moisture transport events 
that convey water vapor from the tropics to high latitudes. Precipitation generated from landfalling ARs is 
important freshwater sources to coastal regions like the west coast of North America. Here, we investigate 
the connections between the lifecycle of North Pacific ARs and the Madden-Julian Oscillation (MJO), 
which is the most dominant form of tropical subseasonal variability. Results indicate that the MJO can 
affect the whole lifecycle of ARs including the origin, propagation, and termination. ARs are more active 
during certain MJO phases, which can be explained by the changes in wind and geopotential height 
associated with the evolution and propagation of the MJO. These findings may help to better predict AR 
activity and understand how ARs will change in the future.
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However, it has to be established through what physical processes the MJO modulates the lifecycle of ARs 
from their origins to their terminations. So far, the MJO's impact on an AR lifecycle has only been discussed 
for a single landfalling AR event that occurred in March 2005 (Ralph et al., 2011). A better understanding 
of the MJO-AR lifecycle relationship can further help to improve the prediction of AR events and associat-
ed hydrological impacts. The goal of this study is to explore the physical mechanisms associated with the 
changes in AR lifecycles (origin, propagation, and termination) and their characteristics (number, lifetime, 
and intensity) that are affected by the MJO. The strong coupling between tropical moisture and convection 
is one of the key processes that explain the MJO dynamics (Adames & Kim, 2016; Bretherton et al., 2004; 
Holloway & Neelin, 2009; H. Kim et al., 2019) which distinguishes the MJO from other equatorial waves 
(Yasunaga & Mapes, 2012). The relative contributions to ARs from the changes in moisture versus wind that 
are associated with the MJO will be quantified and discussed in this study. The MJO may also modulate AR 
lifecycles via the teleconnection patterns related to the MJO diabatic heating anomalies. These hypotheses 
are tested with long historical high-resolution reanalysis data and numerical model simulations.

2. Data and Methods
2.1. Data

To investigate ARs, we use vertically integrated water vapor transport (IVT), which is calculated as

IVT hPa
hPa  

1
1000
300

g
qV dp


, (1)

where g is the gravitational acceleration (m s−2), p is pressure (hPa), q is specific humidity (kg kg−1), and 


V  
is horizontal wind vector (m s−1). To calculate IVT, 20 vertical levels (1,000–300 hPa) of 1.0° six-hourly hori-
zontal winds and specific humidity from European Centre for Medium-Range Weather Forecasts (ECMWF) 
Interim Reanalysis (ERAI, Dee et al., 2011) are used. Daily values of vertically integrated specific humidity, 
that is, precipitable water (PW), with 1.0° spatial resolution are used to represent general characteristics of 
the moisture field. We use 850 hPa 1.0° daily geopotential height (Z850) from ERAI to analyze AR-related 
circulations. Daily interpolated outgoing longwave radiation (OLR; Liebmann & Smith, 1996), with 2.5° 
spatial resolution, is used to indicate the MJO convection. The daily anomalies are calculated by subtracting 
the respective daily climatology and applying a 20–100-day Lanczos filtering to extract the intraseasonal 
signal. The analysis period is from 1979 to 2018 and Northern Hemisphere winter (November–March) when 
both MJO and North Pacific ARs are the most active (Guan & Waliser, 2015; Mundhenk et al., 2016; Stan 
et al., 2017).

2.2. The Madden-Julian Oscillation

The real-time multivariate MJO (RMM, Wheeler & Hendon, 2004) index is used to describe the MJO phase 
and amplitude. The RMM index consists of two principal components of a covariance matrix constructed 
by combined daily anomalies of OLR and zonal winds at 850 and 200 hPa in the tropics. The MJO is cat-
egorized into eight phases using two RMM components. In this study, an MJO day is defined if the RMM 

amplitude   
 

2 2RMM1 RMM2  exceeds 1.0.

2.3. Lifecycle of ARs

To identify the lifecycle of AR events, we first detect the AR object which is defined as an enclosed 2-di-
mensional (latitude and longitude) instantaneous area of strong IVT that exceeds certain criteria of AR 
conditions (such as IVT magnitude and geometric constraints on length and width; Figure 1a). We follow 
the detection method developed by Guan and Waliser (2015) with minor modifications (i.e., reducing the 
IVT threshold to include more AR objects). The AR lifecycle is defined as a group of spatiotemporally con-
nected AR objects, with the first object of the lifecycle defined as an AR origin (Y. Zhou et al., 2018). An 
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example of an AR lifecycle that was concurrent with an MJO in phase 6 
during December 13–17, 2017 is shown in Figure 1b. Associated lifecy-
cle characteristics are shown that include AR lifetime, which shows how 
long an AR event lasts, and lifecycle intensity that represents the mean 
IVT magnitude during the lifecycle. The lifecycle frequency is calculated 
as the grid-point-accumulated number of AR objects (Figure  1b) from 
one lifecycle (Figure  1c) divided by the number of time steps. Hence, 
the lifecycle frequency is a density distribution that indicates the local 
occurrence of AR conditions over the period. For instance, within the 
lifetime of the AR event in Figure  1b (17 six-hourly time steps), some 
grid points over the central North Pacific are impacted by this AR for 
45% of the lifetime (about 7–9 time steps), and grid points over the west 
coast of North America exhibit AR conditions for 5%–10% of the total AR 
lifetime (1–2 time steps; Figure 1c). The winter climatology of lifecycle 
frequency is computed by accumulating AR objects from all AR events 
and dividing it by the total number of six-hourly time steps during 39 
winters (Figure 2a).

We categorize the AR events that originate between 0°N–60°N and 
100°E–110°W (dash box in Figure 1a) by MJO phases. The changes in AR 
events are not sensitive to the domain boundary. For each MJO phase, 
an AR event is selected based on whether its origin is concurrent with 
that MJO phase (e.g., Figure 1b). Overall, approximately 63% of the total 
North Pacific AR events are selected. The composites of lifecycle frequen-
cy are constructed as follows: (i) for each MJO phase, select North Pacific 
AR events that originate concurrently with the MJO and (ii) compute the 
lifecycle frequency composite with the selected AR events and subtract 
the winter climatology (Figure 2a).

To make the results more concise and to increase sample sizes, we reduce 
the eight MJO phases into four groups (phases 8–1, 2–3, 4–5, and 6–7; 
e.g., Jeong et al., 2008; Li et al., 2016) and focus on MJO phases 2–3 and 
6–7 when the most significant changes in lifecycle frequency are shown 
(Figure S1). Phase 2–3 exhibits enhanced (suppressed) convection over 
the Indian Ocean/western Pacific. Phase 6–7 is almost the opposite of 
phase 2–3. Figures 2b and 2c show the percentage changes in lifecycle 
frequency during phases 2–3 and 6–7 relative to the winter climatology.

2.4. Moisture Budget Decomposition

Previous studies have demonstrated that tropical intraseasonal variability like the MJO can modulate synop-
tic-scale disturbances via background flow or barotropic dynamics (e.g., Hsu et al., 2011; Kiladis et al., 2009; 
J. H. Kim et al., 2008; Sobel & Maloney, 2000; L. Wang & Wang, 2019; C. D. Zhang, 2005). We conduct 
moisture budget analysis on the anomalous moisture flux convergence (MFC). Similar to previous studies 
(H. Kim et al., 2017; Newman et al., 2012), we first decompose the total daily MFC field into climatological 
mean, anomalies, and nonlinear interactions between different time scales. Then, we only focus on the 
portion that is associated with the MJO (20–100-day filtered), which is represented by

                         
 

 MFC ,qV q V q V (2)

where angled brackets represent vertical integration, overhead bars mark the seasonal mean, and prime 
signs mark the 20–100-day-filtered daily anomalies. The left-hand side represents the total anomalous 
MFC associated with the MJO. The terms on the right-hand side indicate the contributions from dynamic, 
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Figure 1. Example of (a) AR objects, (b) lifecycle, and (c) lifecycle 
frequency (percentage of objects during the lifetime of [b]) of a 
landfalling AR event during December 13–17, 2017. Dash box (0°N–60°N, 
100°E–110°W) in (a) shows the focused region for AR lifecycles in this 
study. Shadings in (a) and (b) represent the binary masks of AR objects in 
6-hourly time steps starting from the origin (December 13 00z). Orange/
blue contours in (b) are 20–100-day-filtered OLR anomaly for positive/
negative values (20 W m−2 interval, zero is omitted). AR, atmospheric river; 
OLR, outgoing longwave radiation.
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thermodynamic, and nonlinear components, respectively. Composites of MJO-associated moisture budget 
terms are based on the MJO days that are concurrent with the AR origin.

2.5. ECMWF AMIP Simulations

The robustness of the MJO-AR lifecycle relationship is examined with ECMWF AMIP simulations (EC-
MWF-Hist) with 10 ensemble members (Davini et al., 2017) and six-hourly output. The initial conditions 
are extracted from ERAI using the 00Z of the first 10 days starting from January 1, 1979. The sea surface 
temperature (SST) is obtained from the daily SST and sea ice concentration from Hadley Center Sea Ice and 
SST data set. The AMIP experiment extends from 1979 to 2008, and we analyze 20 winters (1980–2000). 
The model's horizontal resolution is T255 (∼80 km) and is bilinearly interpolated to 1.0° to match with ob-
servations. The model's RMM index is obtained by projecting the model's OLR and 850 and 200 hPa zonal 
winds onto the observed eigenvectors from Wheeler and Hendon (2004). We preprocess the OLR and zonal 
winds by bilinearly interpolating them to 2.5° grid, removing the mean of the most recent 120 days of model 
analysis, and dividing by the observed normalization factors (details in Gottschalck et al., [2010]). The AR 
object detection in ECMWF-Hist is the same as ERAI. We treat each ensemble member equally and the 
ensemble mean is the average of selected AR lifecycles from 10 ensembles. We calculate the signal-to-noise 
ratio by dividing the signal which is the external forcing (ensemble mean of anomalous AR frequency) by 
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Figure 2. (a) Winter climatological lifecycle frequency (percent of time steps) with North Pacific AR events (originated in the black dash box in Figure 1a). 
(b, c) Percentage changes in lifecycle frequency relative to (a) (shading), Z850 anomaly (solid/dash contours represent positive/negative values, 5 m interval), 
IVT anomaly (vectors, only showing values to the north of 10°N and over 15 kg m −1 s−1), and OLR anomaly (orange/blue contours represent positive/negative 
values, 5 W/m2 interval, zero line is omitted) for the MJO (b) phase 2–3 and (c) phase 6–7. Z850 and IVT anomalies are 10-day averaged starting from AR 
origins. The OLR anomaly is concurrent with AR origins. Dots mark AR frequency anomalies with p < 0.05 in one-sample t test. Black contours and vectors 
represent values with p < 0.05 in one-sample t test. (d) Percentage changes in the number of AR events, lifetime, and lifecycle intensity over the North Pacific. 
Numbers in the legend denote the climatological mean. AR, atmospheric river; IVT, integrated water vapor transport; OLR, outgoing longwave radiation; MJO, 
Madden-Julian Oscillation.
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the noise which is the atmospheric internal variability (1 standard deviation of anomalous AR frequency 
across 10 ensemble members).

3. MJO's Impacts on AR Lifecycles
North Pacific AR activity peaks during boreal winter (Guan & Waliser, 2015; Mundhenk et al., 2016). Cli-
matologically, the maximum lifecycle frequency emerges between 25°N and 60°N over the central North 
Pacific, indicating that more than 10% of winter time steps over the region are affected by ARs (Figure 2a). 
During MJO phase 2–3 (Figure 2b), a zonally oriented high-pressure anomaly prevails over the North Pa-
cific and induces anomalous anticyclonic flow. Over eastern Asia, including the east coast of China, South 
Korea, and Japan, AR lifecycle frequency is increased by 10%–20% relative to climatology, corresponding to 
the anomalous poleward IVT to the west of the anomalous high. Over the subtropical North Pacific, which 
is associated with the anticyclonic flow, the lifecycle frequency is significantly suppressed by 50%–60% com-
pared to climatology. The changes in lifecycle frequency are linked to changes in the number of AR events, 
lifetime, and lifecycle intensity. Over the North Pacific, all three factors (i.e., number, lifetime, and lifecycle 
intensity) consistently decrease during phase 2–3 (Figure  2d). Overall, the number of North Pacific AR 
events decreases by 6.7% in comparison with climatology (Figure 2d) and exhibits a significantly shortened 
lifetime and a weakened intensity.

The changes in lifecycle frequency during phase 6–7 (Figure 2c) show nearly the opposite features from 
MJO phase 2–3. The lifecycle frequency is reduced by about 30% over the northwestern Pacific, which is as-
sociated with the equatorward and westward IVT anomaly at the west of the prevailing anomalous cyclonic 
flow over the North Pacific. The anomalous cyclonic flow enhances AR activity by 30%–60% over the central 
North Pacific and 20%–30% over northwestern North America relative to climatology. The AR activity near 
Hawaii, sometimes referred to as Pineapple Express events, is more frequent during MJO phase 6–7 which 
potentially leads to more AR landfalls over the west coast of North America (Guan et al., 2012; Payne & 
Magnusdottir, 2014; Spry et al., 2014). The number of AR events increases by nearly 5% during phase 6–7 
with a significantly longer lifetime and stronger intensity (Figure 2d).

4. Physical Mechanism Behind the MJO-AR Lifecycle Relationship
The results indicate that the propagation of ARs during their lifecycles roughly aligns with the geopotential 
height anomalies (Figure S2). During MJO phase 2–3, an increased frequency of AR origins occurs over 
eastern Asia (Figures 3a and S2a). The increased frequency extends northward along the northwest flank 
of the anomalous high and gradually dissipates about 4 days after AR origins (Figure S2c), likely due to 
having less overall moisture content in the higher latitudes which expedites the termination of the AR 
events (Trenberth, 1998). Meanwhile, the decreased frequency associated with the anticyclonic flow persists 
over the subtropical Pacific until 6 days after the AR origins (Figure S2d). In contrast, during phase 6–7, 
increased (decreased) frequency of AR origins occurs over the subtropical northwestern Pacific (eastern 
Asia; Figures 3b and S2f). After the AR origins, the increased frequency amplifies as it extends eastward and 
northward for 6 days, accompanied by the anomalous low and cyclonic flow (Figures S2f–S2i).

The results discussed above show that the MJO influences the entire AR lifecycle including the origins. 
Through what physical processes does the MJO influence the origin of ARs? Studies have elucidated 
that the MJO-associated tropical heating induces the Matsuno-Gill response (M. Bao & Hartmann, 2014; 
Gill, 1980; Matsuno, 1966), and the enhanced tropical convection is strongly coupled to moisture (Breth-
erton et al., 2004). During MJO phase 2–3 (Figure 3a), higher PW is observed in the Indo-Pacific and East 
Asia. Two anticyclonic anomalies arise near 135°E on each side of the equator, which are to the west of 
the suppressed convection over the western Pacific, a typical Matsuno-Gill type response. The associated 
anomalous poleward wind near 30°N, 120°E advects the mean moisture (discussed below) and supports 
the increase of AR origins over eastern Asia. Meanwhile, the decreased frequency of AR origins near 160°E 
is associated with the southwestward IVT anomaly related to the decreased moisture and southward wind 
anomalies. Conversely, during MJO phase 6–7 (Figure 3b), Indo-Pacific and eastern Asia are drier overall 
and two cyclonic flow anomalies straddle the equator over the western Pacific. The decreased frequency of 
AR origins over eastern Asia is attributed to the decreased moisture and southwestward wind anomalies. 
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The increased moisture and cyclonic flow anomalies facilitate the increased frequency of AR origins near 
150°E. In addition, for both phases 2–3 and 6–7, changes in origin frequency over the subtropical central 
North Pacific are aligned with the southern flank of geopotential height anomaly and facilitated by the cor-
responding anomalous IVT (Figures 3a and 3b).

To better understand the relative contributions from dynamic (wind), thermodynamic (moisture), and non-
linear processes, we decompose the anomalous MFC that corresponds to areas of increased frequency of 
AR origins (yellow boxes in Figures 3a and 3b). The results indicate that the dynamical process related to 
seasonal mean moisture variations and anomalous MJO wind contributes the most to changes in total MFC 
in MJO phases 2–3 and 6–7 (Figures 3c and 3d). The thermodynamic process, which is associated with 
seasonal mean wind and the MJO moisture anomaly, contributes negatively to the total changes: although 
the moisture anomaly becomes positive as the MJO propagates, a positive meridional gradient in seasonal 
mean meridional wind leads to a decrease in local MFC. The nonlinear component associated with the MJO 
moisture and wind anomalies is negligible for both phases. Moreover, the amplitude difference in total MFC 
anomaly between MJO phases 2–3 and 6–7 is primarily due to the meridional gradient of mean moisture 
(Figure 4): over the subtropical northwestern Pacific (where AR origin is enhanced during phase 2–3), the 
meridional distribution of mean moisture is steeper than that over the tropics (where AR origin is enhanced 
during phase 6–7).

The extent to which the observed MJO-AR lifecycle relationship is affected by atmospheric internal variabil-
ity is unclear. To expand sample sizes and to evaluate the robustness of the observed connection, the MJO-
AR lifecycle relationship is examined in ECMWF AMIP simulations, which have shown improvement in 
simulating the MJO propagation (Davini et al., 2017). Overall, the simulated changes in lifecycle frequency 
are roughly consistent with the observation, albeit with weaker amplitude and regional biases (Figures S3a 
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Figure 3. A 20–100-day-filtered precipitable water anomaly (shading, kg m−2) and IVT anomaly (vectors, only showing values outside of 10°S–10°N and over 
10 kg m−1 s−1), and AR origin frequency anomaly (blue/red cross markers represent positive/negative values with p < 0.1 in one-sample t test) for the MJO (a) 
phase 2–3 and (b) phase 6–7. Vectors and shadings represent values with p < 0.05 in one-sample t test. (c, d) Moisture budget terms for the MJO (c) phase 2–3 
and (d) phase 6–7 averaged within the yellow box (17°N–32°N, 110°E–130°E in [a] and 10°N–25°N, 135°E–155°E in [b]) using ERA-I and ECMWF-Hist. The 
bars in (c) and (d) show the ensemble means of ECMWF-Hist and the error bars show the 1 standard deviation of 10 ensemble members. ECMWF, European 
Centre for Medium-Range Weather Forecasts; IVT, integrated water vapor transport; AR, atmospheric river; MJO, Madden-Julian Oscillation.
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and S3b). The model simulates the observed physical processes (Figures 3c and 3d), which indicates the 
dominant role of the MJO-related wind in the MJO-AR lifecycle connection. With the presence of internal 
variability (noise), changes in simulated AR activity over the North Pacific are largely controlled by the MJO 
(signal; Figures S3c and S3d).

5. Summary
We explore the physical processes of the MJO-AR lifecycle relationship over the North Pacific by tracking 
the lifecycle of ARs from their origins to their terminations. Figure 4 summarizes the key results. Chang-
es in AR lifecycles are most significant during MJO phase 2–3 and 6–7 when a dipole of enhanced and 
suppressed convections locates over the Indian Ocean and the western Pacific. During MJO phase 2–3, an 
increased (decreased) frequency of AR origins occurs over eastern Asia (the northwestern Pacific), which 
is associated with the anticyclonic flows over the subtropical western Pacific. The propagation of ARs is 
influenced by the persistent high-pressure circulation anomaly, with decreased (increased) AR activity over 
the subtropical central Pacific (northwestern Pacific). The opposite features emerge during MJO phase 6–7: 
the anomalous low-pressure circulation prevails over the northern Pacific and guides ARs to propagate 
northeastward. AR activity is decreased northwest of the anomalous low. Responses in AR lifecycle are in-
fluenced most strongly by the combined MJO wind anomaly and seasonal mean moisture patterns. Model 
simulations further support the robustness of the relation of the MJO and AR lifecycles.

Since ARs are often synonymous with severe weather events, improving subseasonal prediction of ARs is of 
great importance to facilitate emergency preparedness and to mitigate socio-economic losses (Dominguez 
et al., 2018; Ralph et al., 2019). While previous studies mainly focus on the prediction of landfalling AR 
frequency related to the MJO (Baggett et al., 2017; DeFlorio et al., 2018, 2019; Mundhenk et al., 2018), the 
analyzed connection between the MJO and AR lifecycle may potentially help to improve the subseasonal 
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Figure 4. Schematic diagrams of the MJO's impact on AR lifecycles during the MJO (a) phase 2–3 and (b) phase 
6–7. Background shading is 850 hPa specific humidity climatology (g/kg). Curved black arrows mark the anomalous 
850 hPa wind as Matsuno-Gill response. MJO, Madden-Julian Oscillation; AR, atmospheric river.
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prediction of ARs utilizing the correspondence between AR origins and terminations (which are often asso-
ciated with precipitation at landfall). For instance, with a given MJO phase or its forecasted state, one could 
possibly forecast the lifecycle of an AR event including its likely propagation track and termination location 
and further its hydrological impacts.

Finally, questions have been raised about how ARs will change in the future climate. AR occurrence is pro-
jected to increase (Dettinger, 2011; Lavers et al., 2013; Warner et al., 2015) with longer and wider geometric 
shapes, stronger intensities, and a poleward shift of landfall locations (Espinoza et al., 2018; Ma et al., 2020; 
Radic et al., 2015; Shields & Kiehl, 2016). The MJO is projected to have deeper and larger convection and 
to travel further eastward with increasing phase speed (Adames et al., 2017; Chang et al., 2015; Maloney 
et al., 2019). The projected circulation responses to the MJO show a large diversity among models (Bui & 
Maloney, 2018; Wolding et al., 2017; W. Zhou et al., 2020). Therefore, future changes of the MJO-AR con-
nection deserve further investigation. The current study provides a scientific basis and useful perspective to 
examine the MJO-AR connection in the context of future climate.

Data Availability Statement
ERA-Interim data were obtained freely from http://apps.ecmwf.int/datasets/data/interim_full_daily. The 
OLR is provided by the NOAA/OAR/ESRL PSD, Boulder, CO, USA, from their Web site at https://psl.noaa.
gov/data/gridded/data.interp_OLR.html. The RMM index is obtained from the Bureau of Meteorology from 
Australian Government (http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt). The ECM-
WF AMIP simulation is provided by Dr. Aneesh Subramanian which can be downloaded through a ded-
icated THREDDS Web Server hosted by CINECA (https://sphinx.hpc.cineca.it/thredds/catalog/SPHINX/
catalog.html).
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