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Abstract

We investigate how the Madden-Julian Oscillation (MJO), the dominant mode of tropical subseasonal variability, modulates

the life cycle of cool-season North Pacific atmospheric rivers (ARs), low-level jets of intensive poleward moisture transport.

When the MJO convection is over the Indian Ocean, more AR events originate over eastern Asia and fewer originate over the

subtropical northern Pacific. The opposite changes in the number and location of AR events appear when the MJO convection

is over the western Pacific. Dynamical processes involving anomalous MJO wind and seasonal mean moisture are found to be

dominant factors that impact AR origins. The anomalous geopotential height pattern of the MJO can modulate AR propagation

directions. The robustness of these MJO-AR life cycle connections is further supported by model simulations. The modulation

of AR life cycles by the MJO may help to further advance our understanding of subseasonal predictability and future changes

of ARs.
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Key Points: 17 

 The Madden-Julian Oscillation significantly influences the number, lifetime, and 18 

propagation of North Pacific atmospheric rivers.  19 

 More atmospheric rivers with longer lifetime occurs over the subtropical North Pacific 20 

when enhanced convection is over the western Pacific. 21 

 Dynamical processes are the dominant factors in the modulation of atmospheric rivers by 22 

the Madden-Julian Oscillation.  23 

  24 
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Abstract  25 

We investigate how the Madden-Julian Oscillation (MJO), the dominant mode of tropical 26 

subseasonal variability, modulates the life cycle of cool-season North Pacific atmospheric rivers 27 

(ARs), low-level jets of intensive poleward moisture transport. When the MJO convection is 28 

over the Indian Ocean, more AR events originate over eastern Asia and fewer originate over the 29 

subtropical northern Pacific. The opposite changes in the number and location of AR events 30 

appear when the MJO convection is over the western Pacific. Dynamical processes involving 31 

anomalous MJO wind and seasonal mean moisture are found to be dominant factors that impact 32 

AR origins. The anomalous geopotential height pattern of the MJO can modulate AR 33 

propagation directions. The robustness of these MJO-AR life cycle connections is further 34 

supported by model simulations. The modulation of AR life cycles by the MJO may help to 35 

further advance our understanding of subseasonal predictability and future changes of ARs.   36 

 37 

Plain Language Summary 38 

Atmospheric rivers (ARs) are strong moisture transport that conveys water vapor from 39 

the tropics to high latitudes, which are important water sources to coastal regions like the west 40 

coast of North America. Here we investigate the connections between the life cycle of ARs over 41 

the northern Pacific and the Madden-Julian Oscillation (MJO) which is one of the most dominant 42 

tropical variabilities. Results indicate that the MJO can affect the whole lifecycle of ARs 43 

including the origin, propagation, and termination. ARs are more active during certain MJO 44 

phases, which can be explained by the changes in wind and geopotential height that response to 45 

the MJO. Theses findings can help studies to better predict AR activity and understand how ARs 46 

will change in the future.    47 
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1. Introduction 48 

In the past two decades, atmospheric rivers (ARs) have garnered continuous scientific 49 

interest and public attention due to their contributions to regional hydrological impacts including 50 

sources of freshwater supply, snow accumulation, floods, and precipitation extremes (Dettinger, 51 

2013; Gorodetskaya et al., 2014; Guan et al., 2010, 2013; Kamae et al., 2017; Lavers et al., 2011; 52 

Nash et al., 2018; Neiman et al., 2013; Waliser & Guan, 2017). While ARs are closely associated 53 

with mid-latitude synoptic systems (J. W. Bao et al., 2006; Dacre et al., 2015; Z. Zhang et al., 54 

2019), their activity is significantly modulated by low-frequency tropical variabilities like the 55 

Madden Julian Oscillation (MJO, Madden and Julian (1972)) (Guan & Waliser, 2015; Mundhenk 56 

et al., 2016; Payne & Magnusdottir, 2014), which has shown exceptional impacts on mid-latitude 57 

weather and climates (Ferranti et al., 1989; Stan et al., 2017; C. D. Zhang, 2013) such as storm 58 

tracks (Deng & Jiang, 2011; Zheng et al., 2018), blockings (Hamill & Kiladis, 2014; Henderson 59 

et al., 2016), and the Pacific-North America Pattern (Mori & Watanabe, 2008; Wang et al., 2020; 60 

W. Zhou et al., 2020). The landfalling ARs over North America and the associated California 61 

precipitation and snow accumulation are significantly intensified when the MJO convection is 62 

over the western Pacific (Guan et al., 2013; Guan et al., 2012; Payne & Magnusdottir, 2014). 63 

Given that the MJO is the dominant source of subseasonal predictability (Brunet et al., 2010; H. 64 

Kim et al., 2018; C. D. Zhang, 2013), the prediction of landfalling ARs can be extended to 3-5 65 

weeks considering the MJO-AR connections (Baggett et al., 2017; DeFlorio et al., 2018; 66 

DeFlorio et al., 2019; Mundhenk et al., 2018).  67 

An AR event generally originates in the ocean and terminates after landfall (Guan & 68 

Waliser, 2019; Xu et al., 2020; Y. Zhou et al., 2018). The life cycle of AR, which is the 69 

spatiotemporal evolution, can be modulated by atmospheric circulation (Guirguis et al., 2018; Y. 70 
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Zhou & Kim, 2019). Though, it remains elusive through what physical processes the MJO 71 

modulates the entire life cycle of AR from its origin to termination. Thus far, the MJO’s impact 72 

on an AR life cycle has only been discussed for a single landfalling AR event that occurred in 73 

March 2005 (Ralph et al., 2011). A better understanding of MJO-AR life cycles relationship can 74 

further help to improve the prediction of AR events and associated hydrological impacts. The 75 

goal of this study is to explore the physical mechanisms associated with the changes in AR life 76 

cycles (origin, evolution, and termination) and their characteristics (number, lifetime, and 77 

intensity) affected by the MJO. The strong coupling between tropical moisture and convection is 78 

one of the key processes that explain the MJO dynamics (Adames & Kim, 2016; Bretherton et 79 

al., 2004; Holloway & Neelin, 2009; H. Kim et al., 2019) which distinguishes the MJO from 80 

other equatorial waves (Yasunaga & Mapes, 2012). Since large moisture anomalies are one of 81 

the necessary conditions for AR development, moisture changes associated with the MJO 82 

convection may play a key role in influencing AR life cycles. In addition, the MJO may 83 

modulate AR life cycles via the teleconnection pattern related to the MJO diabatic heating 84 

anomalies as they move eastward. These hypotheses are tested with long historical high-85 

resolution reanalysis data and numerical model simulations.  86 

 87 

2. Data and Methods 88 

2.1. Reanalysis  89 

To investigate ARs, we use vertically-integrated water vapor transport (IVT), which is 90 

calculated as 91 

IVT =  − 
1

𝑔
∫ 𝑞𝑉⃑ 

300 ℎ𝑃𝑎

1000 ℎ𝑃𝑎
𝑑𝑝, (1) 92 
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where g is the gravitational acceleration (m s
-2

), p is pressure (hPa), q is specific humidity 93 

(kg kg
-1

), and 𝑉⃑  is horizontal wind vector (m s
-1

). To calculate IVT, 20 vertical levels (1000-300 94 

hPa) of 1.0° horizontal grid 6-hourly horizontal winds and specific humidity from ECMWF 95 

Interim Reanalysis (ERAI, Dee et al. (2011)) are used. We use 850 hPa 1.0° daily geopotential 96 

height (hereafter, Z850) from ERAI to analyze AR-related circulations. 1.0° daily vertically-97 

integrated specific humidity is calculated as precipitable water (PW) to indicate the moisture 98 

associated with the MJO convection. The daily anomaly is calculated by subtracting the 99 

respective daily climatology. A 20-100-day Lanczos filtering is applied to daily anomalies to 100 

represent MJO-related signals. The period is from November to March when the MJO and North 101 

Pacific ARs are the most active (Guan & Waliser, 2015; Mundhenk et al., 2016; Stan et al., 102 

2017) from 1979 to 2018. We use daily interpolated 20-100-day-filtered out-going longwave 103 

radiation (OLR) (Liebmann & Smith, 1996) to indicate the MJO convection.  104 

2.2. The Madden-Julian Oscillation 105 

We obtain the Real-time Multivariate MJO (RMM, Wheeler and Hendon (2004)) index 106 

to describe the MJO phase and amplitude. The RMM index consists of two principal components 107 

of a covariance matrix constructed by combined daily anomalies of OLR and zonal winds at 850 108 

and 200 hPa in the tropics. The MJO is distinguished into eight phases using two RMM 109 

components. In this study, an MJO day is defined if the RMM amplitude (√RMM12 + RMM22) 110 

exceeds 1.0. We only select the MJO days that are concurrent with AR origins (about 39% of 111 

total MJO days) for composite analysis. To make the results more concise and to increase sample 112 

sizes, we reduce the eight MJO phases into four groups (phases 8-1, 2-3, 4-5, and 6-7) (Jeong et 113 

al., 2008; Li et al., 2016) and focus on the MJO phases 2-3 and 6-7 when the most significant 114 
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changes in lifecycle frequency are shown (Supplemental S1). Phase 2-3 (phase 6-7) is defined as 115 

the MJO enhanced convection located over the Indian Ocean (western Pacific).  116 

2.3 Life cycle of ARs 117 

To identify the life cycle of AR events, we first detect AR object which is defined as an 118 

enclosed two-dimensional (latitude and longitude) instantaneous area of strong IVT that exceeds 119 

certain criteria of AR conditions (Fig. 1a). We follow the detection method developed by Guan 120 

and Waliser (2015) with minor modifications. The AR life cycle is tracked by connecting AR 121 

objects spatiotemporally from origin to termination (Y. Zhou et al., 2018). Example of a phase 6 122 

MJO and AR life cycle during December 13-17, 2017 is shown in Fig. 1b. We categorize the AR 123 

events that originate between 0N-60N, 100E-110W (dash box in Fig. 1a) by MJO phases. 124 

Changes of AR activity is not sensitive to domain boundary. For each MJO phase, an AR event 125 

is selected based on whether the origin is concurrent with that MJO phase (e.g., Fig. 1b). Overall, 126 

approximately 63% of total AR events are selected.  127 

The lifecycle frequency is calculated as the grid-point-accumulated number of AR 128 

objects (Fig. 1b) within one life cycle (Fig. 1c). Therefore, the lifecycle frequency is a density 129 

distribution that indicates the spatial occurrence of AR conditions (i.e. number of AR objects). 130 

We normalized the winter climatological mean of lifecycle frequency by dividing the total 131 

number of 6-hourly time steps during 39 winters (Fig. 2a). The composites of lifecycle frequency 132 

are constructed as follows: (i) for each MJO phase, select North Pacific AR events that originate 133 

concurrently with the MJO and calculate the lifecycle frequency; (ii) sum up the lifecycle 134 

frequency from selected AR events and subtract the winter climatological mean (Fig. 2a). Fig. 135 

2b-c show the percentage changes in lifecycle frequency during phase 2-3 and 6-7 relative to the 136 

winter climatological mean.  137 
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 138 

Figure 1. Example of a AR objects, b life cycle, and c lifecycle frequency (number of objects) of 139 

a landfalling AR event during December 13-17, 2017. Dash box (0°-60°N, 100°E-110 °W) in a 140 

shows the focused region for AR life cycles in this study. Shadings in a-b represent the binary 141 

masks of AR objects in 6-hourly time steps starting from the origin (December 13 00z). 142 

Orange/blue contours in b are 20-100-day-filtered OLR anomaly for positive/negative values (20 143 

W m
-2

 interval, zero is omitted).  144 

 145 

2.4 Moisture budget decomposition 146 

We conduct moisture budget analysis on the anomalous moisture flux convergence 147 

(MFC). Similar to previous studies (H.  Kim et al., 2017; Newman et al., 2012), we first 148 

decompose the total MFC field into climatological mean, and anomalies and nonlinear 149 

interaction between different time scales. Then, we only focus on the portion that is associated 150 

with the MJO (20-100-day filtered), which is represented by: 151 
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(MFC)′ = (−∇ ⋅ 〈qV′〉) + (−∇ ⋅ 〈q′V̅〉) + (−∇ ⋅ 〈q′V′〉), (2) 152 

where the angled bracket represents the vertical integration, the overhead bar denotes the 153 

seasonal mean, and the prime sign marks the 20-100-day-filtered daily anomalies. Therefore, the 154 

left-hand side can be interpreted as the total anomalous MFC associated with the MJO. The 155 

right-hand side represents the contribution from dynamic, thermodynamic, and nonlinear 156 

components, respectively.  157 

2.5 ECMWF AMIP simulations 158 

The robustness of the MJO-AR relationship is examined in ECMWF AMIP simulations 159 

(ECMWF-Hist) with 10 ensemble members (Davini et al., 2017). The model initial conditions 160 

are extracted from ERAI using the midnight values of the first 10 days starting from 1 January 161 

1979, respectively. The sea surface temperature (SST) is obtained from the daily SST and sea ice 162 

concentration from Hadley Centre Sea Ice and SST dataset. The AMIP experiment extends from 163 

1979-2008, but the output was only available from 1980-2000 (20 winters) at the time of our 164 

analysis. Therefore, there are total of 200 winters of simulations. The model’s horizontal 165 

resolution is T255 (~80 km) and is bi-linearly interpolated to 1.0° grid to match with 166 

observations. The model’s RMM index is obtained by projecting the model’s OLR and 850 and 167 

200 hPa zonal winds onto the observed eigenvectors from Wheeler and Hendon (2004). We pre-168 

process the OLR and zonal winds by bi-linearly interpolating to 2.5° grid, removing the mean of 169 

the most recent 120 days of model analysis, and dividing the observed normalization factors 170 

(details in Gottschalck et al. (2010)). The AR object detection in ECMWF-Hist is the same as 171 

ERAI. We treat each ensemble member equally and the ensemble mean is the average of selected 172 

AR life cycles from 10 ensembles. We calculate the signal-to-noise ratio by dividing the signal 173 

which is the external forcing (ensemble mean of anomalous AR frequency) by the noise which is 174 
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the atmospheric internal variability (one standard deviation of anomalous AR frequency across 175 

10 ensemble members). 176 

 177 

3. MJO’s impact on AR life cycles 178 

North Pacific AR activity peaks during boreal winter (Guan & Waliser, 2015; Mundhenk 179 

et al., 2016). Climatologically, the maximum lifecycle frequency emerges between 25°N-60°N 180 

over the central North Pacific, indicating that more than 10% of the time over the region is 181 

affected by ARs (Fig. 2a). During phase 2-3 (Fig. 2b), a zonally oriented anomalous high 182 

pressure prevails over the North Pacific and induces anomalous anticyclonic flow. Over eastern 183 

Asia, including the east coast of China, South Korea, and Japan, AR lifecycle frequency is 184 

increased by 10-20% corresponding to a positive anomaly in poleward IVT to the west of the 185 

anomalous high. Over the subtropical North Pacific, lifecycle frequency is significantly 186 

suppressed by 50-60% which is associated with the anticyclonic flow. Changes in lifecycle 187 

frequency are linked to changes in the number of AR events, lifetime (i.e. how long an AR life 188 

cycle lasts), and life cycle intensity (the mean IVT magnitude during the life cycle) (Y. Zhou et 189 

al., 2018). Over the North Pacific, all three factors (i.e. number, lifetime, and lifecycle intensity) 190 

consistently decrease during phase 2-3 (Fig. 2d). Overall, during MJO phase 2-3, the number of 191 

North Pacific AR events decreases by 6.7% with significantly shortened lifetime and weakened 192 

intensity compared to climatology.  193 

Changes in lifecycle frequency during phase 6-7 (Fig. 2c) shows nearly opposite features 194 

from phase 2-3. Lifecycle frequency is reduced by about 30% over the northwestern Pacific 195 

which is associated with the equatorward and westward IVT anomaly at the west of the 196 

prevailing anomalous low over the North Pacific. The anomalous low and cyclonic flow 197 
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significantly prompt AR activity, by an increase of 30-60% over the central Pacific and 20-30% 198 

over northwestern North America. The AR activity near Hawaii, known as Pineapple Express, is 199 

more frequent during MJO phase 6-7 which potentially leads to more AR landfalls over the west 200 

coast of North America (Guan et al., 2012; Payne & Magnusdottir, 2014; Spry et al., 2014). The 201 

number of AR events increases by nearly 5% during phase 6-7 with significantly longer lifetime 202 

and stronger intensity (Fig. 2d).  203 

 204 

Figure 2 a Winter climatological lifecycle frequency (percent of time steps) with North Pacific 205 

AR events (originated in the black dash box in Figure 1a). b-c Percentage changes in lifecycle 206 

frequency with respect to a (shading), Z850 anomaly (solid/dash contours represent 207 

positive/negative values, 5m interval), IVT anomaly (only showing values to the north of 10°N 208 

and over 15 kg m
-1

 s
-1

), and OLR anomaly (orange/blue contours represent positive/negative 209 

values, 5 W/m
2
 interval, zero line is omitted) for the MJO b phase 2-3 and c phase 6-7. Z850 and 210 

IVT anomalies are 10-day averaged starting from AR origins. The OLR anomaly is concurrent 211 

with AR origins. The large (small) grey dots mark AR frequency anomalies that pass the 95% 212 

(90%) confidence level of one-sample t-test. Black contours and vectors represent values that 213 

exceed the 95% confidence level of one-sample t-test. d Percentage changes in the number of 214 
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AR events, lifetime, and lifecycle intensity over the North Pacific. Numbers in the legend denote 215 

the climatological mean. 216 

 217 

4. Physical mechanism behind the MJO-AR life cycle relationship 218 

By examining the day-by-day evolution of AR life cycles, we found that the temporal 219 

propagation of ARs roughly aligns with the geopotential height anomalies. During the MJO 220 

phase 2-3, increased frequency of AR origins occurs over eastern Asia (Fig. 3a and Supplemental 221 

S2a). The increased frequency extends northward along the northwest flank of the anomalous 222 

high and gradually dissipates about four days after AR origins (Supplemental S2c), likely due to 223 

the overall less moisture content in the higher latitudes that expedites the termination of AR 224 

events (Trenberth, 1998). Meanwhile, the decreased frequency associated with the anticyclonic 225 

flow persists over the subtropical Pacific until six days after AR origins (Supplemental S2d). In 226 

contrast, during phase 6-7, increased (decreased) frequency of AR origins occurs over the 227 

subtropical northwestern Pacific (eastern Asia) (Fig. 3b and Supplemental S2f). After AR 228 

origins, the increased frequency amplifies as it extends eastward and northward for six days, 229 

accompanied by the anomalous low and cyclonic flow (Supplemental S2f-i).  230 

The results discussed above show that the MJO influences the entire AR life cycle 231 

including the origins. Through what physical processes does the MJO influence the origin of 232 

ARs? Studies have elucidated that the MJO associated tropical heating induces the Matsuno-Gill 233 

response (M. Bao & Hartmann, 2014; Gill, 1980; Matsuno, 1966) and the enhanced tropical 234 

convection is strongly coupled to moisture (Bretherton et al., 2004). During MJO phase 2-3 (Fig. 235 

3a), higher precipitable water is observed in the Indo-Pacific and East Asia. Two anticyclonic 236 

anomalies arise near 135°E on each side of the equator, which is to the west of the suppressed 237 

convection over the western Pacific, a typical Matsuno-Gill type response. The associated 238 
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poleward anomalous wind near 30°N, 120E advects the positive moisture anomaly from the 239 

Indian Ocean. The positive IVT anomaly supports the increase of AR origins over eastern Asia. 240 

Meanwhile, decreased frequency of AR origins near 160°E is associated with the southwestward 241 

IVT anomaly related to the decreased moisture and southward wind anomalies. Conversely, 242 

during MJO phase 6-7 (Fig. 3b), Indo-Pacific and eastern Asia are dryer overall and two cyclonic 243 

flow anomalies straddle the equator over the western Pacific. Decreased frequency of AR origins 244 

over eastern Asia is attributed to the decreased moisture and southwestward wind anomaly. The 245 

increased moisture and cyclonic flow anomalies facilitate the increased AR origin frequency near 246 

150°E. Besides, for both phases 2-3 and 6-7, changes in origin frequency over the subtropical 247 

central Pacific are aligned with the southern flank of geopotential height anomaly and facilitated 248 

by the corresponding anomalous IVT (Fig. 3a-b).  249 

To better understand the relative contributions from dynamic (wind), thermodynamic 250 

(moisture), and nonlinear processes, we decompose the anomalous moisture flux convergence 251 

that corresponds to areas of increased frequency of AR origins (yellow boxes in Fig. 3a-b). 252 

Results indicate that the dynamical process related to the patterns of seasonal mean moisture and 253 

anomalous MJO wind contributes the most to changes in total moisture flux convergence in MJO 254 

phases 2-3 and 6-7 (Fig. 3c-d). The thermodynamic process, which is associated with seasonal 255 

mean wind and the MJO moisture anomaly, contributes negatively to the total changes: although 256 

the moisture anomaly becomes positive as the MJO propagates, a positive meridional gradient in 257 

seasonal mean meridional wind leads to a decrease in local moisture flux convergence. The 258 

nonlinear component associated with the MJO moisture and wind anomalies is negligible for 259 

both phases. Moreover, the amplitude difference in total moisture flux convergence anomaly 260 

between MJO phases 2-3 and 6-7 is primarily due to the meridional gradient of mean moisture 261 
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(Fig. 4): over the subtropical northwestern Pacific (where AR origin is enhanced during phase 2-262 

3), the meridional distribution of mean moisture is steeper than that over the tropics (where AR 263 

origin is enhanced during phase 6-7). 264 

 265 

Figure 3. 20-100-day-filtered precipitable water anomaly (shading, kg m
-2

) and IVT anomaly 266 

(vectors, only showing values outside of 10°S-10°N and over 10 kg m
-1

 s
-1

), and AR origin 267 

frequency anomaly (blue/red cross markers represent positive/negative values that pass the 90% 268 

confidence level of one-sample t-test) for the MJO a phase 2-3 and b phase 6-7. Vectors and 269 

shadings represent values that pass the 95% confidence level of one-sample t-test. c-d Moisture 270 

budget terms for the MJO c phase 2-3 and d phase 6-7 averaged within the yellow box (17°N-271 

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. 272 

The bars in c-d show the ensemble means of ECMWF-Hist and the error bars show the one 273 

standard deviation of 10 ensemble members.  274 

 275 

The extent to which the observed MJO-AR life cycle relationship is affected by the 276 

atmospheric internal variability is unclear. To expand sample sizes and to evaluate the robustness 277 

of the observed connection, the representation of MJO-AR lifecycle is examined in ECMWF 278 

AMIP simulations, which have shown improvement in simulating the MJO (Davini et al., 2017). 279 
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Overall, the simulated changes in lifecycle frequency are roughly consistent with the 280 

observation, albeit with weaker amplitude and regional biases (Supplemental S3a-b). The model 281 

simulates the observed physical processes (Fig. 3c-d), which indicates the dominant role of the 282 

MJO-related wind in the MJO-AR life cycle connection. With the presence of internal variability 283 

(noise), changes in simulated AR activity over the North Pacific are largely controlled by the 284 

MJO (signal) (Supplemental S3c-d).  285 

 286 

5. Summary and implications 287 

We explore the physical processes of the MJO-AR life cycle relationship over the North 288 

Pacific by tracking the life cycle of ARs from their origin to termination. Fig. 4 summarizes the 289 

key results. Changes in AR life cycle are the most significant during MJO phase 2-3 and 6-7 290 

when a dipole of enhanced and suppressed convections locates over the Indian Ocean and the 291 

western Pacific. During MJO phase 2-3, increased (decreased) frequency of AR origins occurs 292 

over eastern Asia (the northwestern Pacific), which is associated with the anticyclonic flows over 293 

the subtropical western Pacific in response to the MJO heating. The propagation of ARs is 294 

influenced by the persistent anomalous high as the MJO mid-latitude teleconnection, with 295 

decreased (increased) AR activity over the subtropical central Pacific (northwestern Pacific). 296 

Opposite features to those described above emerge during MJO phase 6-7. The anomalous low 297 

prevails over the northern Pacific and guides ARs to propagate towards northeastward. AR 298 

activity is decreased at the northwest of the anomalous low. Responses in AR life cycle are 299 

influenced most strongly by the MJO wind anomaly pattern and the mean moisture. Model 300 

simulations further support the robustness of the relation of the MJO and AR life cycles.  301 
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  302 

Figure 4. Schematic diagrams of the MJO’s impact on AR life cycles during the MJO a phase 2-303 

3 and b phase 6-7. Background shading is 850 hPa specific humidity climatology (g/kg). Curved 304 

black arrows mark the anomalous 850 hPa wind as Matsuno-Gill response.   305 

 306 

Since ARs are often synonymous with severe weather events, improving subseasonal 307 

prediction of ARs is of great importance to facilitate emergency preparedness and to mitigate 308 

socio-economic losses (Dominguez et al., 2018; Ralph et al., 2019). While previous studies 309 

mainly focus on the prediction of landfalling AR frequency related to the MJO (Baggett et al., 310 

2017; DeFlorio et al., 2018; DeFlorio et al., 2019; Mundhenk et al., 2018), the analyzed 311 

connection between the MJO and AR life cycle may potentially help to improve the subseasonal 312 

prediction of ARs utilizing the correspondence between AR origins and terminations (which are 313 

often caused by precipitation at landfalls). For instance, with a given MJO phase or its forecasted 314 
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state, one could possibly forecast the life cycle of an AR event including its likely propagation 315 

track and termination location, and further its hydrological impacts.  316 

Finally, questions have been raised about how ARs will change in the future climate. AR 317 

occurrence is projected to increase (Dettinger, 2011; Lavers et al., 2013; Warner et al., 2015) 318 

with wider geometric shapes, stronger intensities, and a northward shift of landfall locations 319 

(Espinoza et al., 2018; Radic et al., 2015; Shields & Kiehl, 2016). The MJO is projected to have 320 

deeper and larger convection and to travel further eastward with increasing phase speed (Adames 321 

et al., 2017; Chang et al., 2015; Maloney et al., 2019). The current study provides a scientific 322 

basis and useful tool to examine the MJO-AR connection in the context of future climate.  323 

 324 

  325 
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Data Availability Statement 326 

ERA-Interim data were obtained freely from 327 

http://apps.ecmwf.int/datasets/data/interim_full_daily. The OLR is provided by the 328 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 329 

https://psl.noaa.gov/data/gridded/data.interp_OLR.html. The RMM index is obtained from the 330 

Bureau of Meteorology from Australian Government 331 

(http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt). The ECMWF AMIP 332 

simulation is provided by Dr. Aneesh Subramanian which can be downloaded through a 333 

dedicated THREDDS Web Server hosted by CINECA 334 

(https://sphinx.hpc.cineca.it/thredds/catalog/SPHINX/catalog.html). 335 
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S1. Composites of percentage changes in lifecycle frequency (shading), Z850 anomaly 

(solid/dash contours represent positive/negative values, 5m interval), and OLR anomaly 

(orange/blue contours represent positive/negative values, 5 W/m2 interval, zero line is omitted) 

for a-h MJO phase 1-8. Z850 anomaly is 10-day averaged starting from AR origins. The OLR 

anomaly is concurrent with AR origins. The large (small) grey dots mark AR frequency 

anomalies that pass the 95% (90%) confidence level of one-sample t-test. Black contours 

represent values that exceed the 95% confidence level of one-sample t-test.  



 

S2.  Every-two-day lag composites starting from AR origins in percentage changes of lifecycle 

frequency (shading), Z850 anomaly (solid/dash contours represent positive/negative values, 5m 

interval), IVT anomaly (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 MJO phases a-e 2-3 and f-j 6-7. Z850 and OLR anomalies are 20-100-day 

filtered. The large (small) grey dots mark AR frequency anomalies that pass the 95% (90%) 

confidence level of one-sample t-test. Black contours and shown vectors represent values that 

exceed the 95% confidence level of one-sample t-test. The plus sign in a and f shows anomalous 

origin frequency which is the same as Figure 3a-b.   



 

S3. a-b Composites of percentage changes in lifecycle frequency (shading), Z850 anomaly 

(solid/dash contours represent positive/negative values, 5m interval), and OLR anomaly 

(orange/blue contours represent positive/negative values, 5 W/m2 interval, zero line is omitted) 

for MJO phases a 2-3 and b 6-7 using ECMWF-Hist simulations. Z850 anomaly is 10-day 

averaged starting from AR origins. The OLR anomaly is concurrent with AR origins. The grey 

dots and black contours represent values that pass the 95% confidence level of one-sample t-test. 

c-d Signal-to-noise ratio calculated by dividing a-b with one standard deviation of anomalous 

lifecycle frequency among 10 ensembles. 
 


