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Abstract 26 

This study investigates how the positive phase of the El Niño-Southern Oscillation (EN) influences the 27 

Madden-Julian Oscillation (MJO) modulation of cool-season North Pacific atmospheric rivers (ARs)  28 

and associated AR-landfall driven precipitation over North America. EN changes the key drivers of 29 

MJO-AR connections by shifting MJO-driven convection east of 180° longitude in MJO phases 6-8 and 30 

extending the northern Pacific subtropical jet eastward. Under these conditions, the MJO tropical-31 

extratropical teleconnection is triggered east of 180° in MJO phases 7-8, and a persistent cyclonic flow 32 

anomaly develops along the United States west coast. Anomalous northeastward integrated water vapor 33 

transport (IVT) within the cyclonic flow coupled with the MJO convection over the western (phase 7) 34 

and central (phase 8) Pacific increases AR frequency, shifting it to the east over regions that do not show 35 

a relationship with EN or MJO alone. Besides enhancing AR activity, EN background conditions 36 

increase the number of AR events, their lifetime, and mean intensity from MJO phases 6 through 8, as 37 

well as the number of MJO active days, AR initiations, and ARs making landfall over North America 38 

in MJO phases 8-1. The positive precipitation anomalies and increased frequency of extreme 39 

precipitation events associated with landfalling North Pacific ARs related to MJO are also shifted to the 40 

east in EN, enhancing and extending rainfall over western North America in MJO phases 6-1. Results 41 

provide new insight into the drivers of AR activity and associated precipitation along the west coast of 42 

North America with implications for improving subseasonal-to-seasonal predictions. 43 

 44 

Keywords: EN-MJO Interaction, MJO-AR connections, North Pacific ARs, AR landfall precipitation, 45 

extreme AR precipitation events. 46 

 47 
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1 Introduction 51 

Atmospheric rivers (ARs), long and narrow channels of enhanced water vapor transport in the 52 

lower troposphere, are responsible for over 90% of the water vapor transported between the tropics and 53 

extratropics (Zhu and Newell 1994, 1998). They are the primary driver of extreme precipitation and 54 

hydrological events during the cool-season in western North America while also being critical for water 55 

supply (Ralph et al. 2006; Neiman et al. 2008a, b; Leung and Qian 2009; Dettinger et al. 2011; Neiman 56 

et al. 2011; Warner, Mass and Salatheé 2012; Toride et al. 2019).  57 

New algorithms to track the lifecycle of ARs (Sellars et al. 2017; Zhou, Kim and Guan 2018; 58 

Guan and Waliser 2019; Shearer et al. 2020) have helped improve their prediction, including their likely 59 

propagation, termination location, and hydrological impacts. However, the consistency of lifecycle 60 

tracking methods in representing the modulation of ARs by natural climate variability modes, such as 61 

the El Niño-Southern Oscillation (ENSO) and the Madden-Julian Oscillation (MJO), is the subject of 62 

ongoing investigation (Zhou et al. 2021). Previous research has shown that landfalling ARs in western 63 

North America are more frequent when MJO convection is active over the western Pacific (Guan et al. 64 

2012, 2013; Payne and Magnusdottir 2014; Spry et al. 2014). The new tracking algorithms may help to 65 

improve the prediction of landfalling ARs on subseasonal time scales (2-5 weeks) through the 66 

assessment of MJO-AR connections (Baggett et al. 2017; Mundhenk et al. 2018; DeFlorio et al. 2018, 67 

2019) as the MJO drives the North Pacific AR activity on subseasonal time scales (Mundhenk, Barnes 68 

and Maloney 2016).  69 

Recently, Zhou, Kim and Waliser (2021) and Zhou et al. (2021), using the lifecycle tracking 70 

method of Zhou, Kim and Guan (2018), demonstrated that MJO modulates North Pacific AR lifecycles 71 

in the cool-season (November-March, NDJFM). The most significant impacts happen in phases 2+3 and 72 

6+7, with changes in the number of AR events, their lifetime, intensity, frequency and their origins over 73 

the subtropical Pacific. Moreover, Zhou et al. (2021) found consistent ENSO-AR and MJO-AR 74 

connections over the North Pacific among global AR detection algorithms.  75 

Previous investigations have described the ENSO modulation of AR activity over the North 76 

Pacific (Payne and Magnusdottir 2014; Guan and Waliser 2015; Mundhenk, Barnes and Maloney 2016; 77 

Kim, Zhou and Alexander 2017; Patricola et al. 2020). El Niño (EN) increases AR activity over the 78 

northeastern Pacific and the northwest coast of the US (Guan and Waliser 2015; Mundhenk Barnes, and 79 

Maloney 2016; Kim, Zhou and Alexander 2017; Patricola et al. 2020). Zhou et al. (2021) found that 80 

both active ENSO states (EN and La Niña, LN) increase AR frequency over the west coast of North 81 

America around 30°N.  82 

The MJO modulation of North Pacific ARs and their lifecycles may change when ENSO is in 83 

the positive (EN) or negative (LN) phase, complicating subseasonal predictions. The active ENSO states 84 

modify the background through which both ARs (subtropical North Pacific) and MJO (tropical Pacific) 85 

propagate. Also, EN shifts the MJO activity eastward into the central Pacific, expanding the longitudinal 86 
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domain of its convective activity and decreasing propagation speed (Fink and Speth 1997; Hendon, 87 

Zhang and Glick 1999; Kessler 2001; Tam and Lau 2005; Wei and Ren 2019). Changes in the MJO 88 

structure and propagation under EN (phases 6-1) happen when the MJO modulates North Pacific ARs 89 

(phases 6+7, Zhou, Kim and Waliser 2021; Zhou et al. 2021).  90 

Other studies have focused on the ENSO-driven modulation of MJO tropical-extratropical 91 

teleconnections over the North Pacific (Roundy et al. 2010; Moon, Wang and Ha 2011; Arcodia, 92 

Kirtman and Siqueira 2020; Tseng, Maloney and Barnes 2020). Moon, Wang and Ha (2011) have shown 93 

that in MJO phase 7, the North Pacific cyclonic flow strengthens, and is closer to the western US in EN, 94 

increasing precipitation over that region. Also, the combined effects of EN and MJO phases 6+7 produce 95 

significant variability in southeastern US rainfall (Arcodia, Kirtman and Siqueira 2020). Conversely, 96 

Tseng, Maloney and Barnes (2020) found that the influence of MJO tropical-extratropical 97 

teleconnections in the extratropics reduces in EN. The southeastward extension of the northern Pacific 98 

subtropical jet in EN decreases the Rossby wave propagation reducing the MJO teleconnection pattern 99 

consistency. Changes in the MJO teleconnections by ENSO may impact the lifecycles of North Pacific 100 

ARs. 101 

Previous results showing nonlinear interactions between ENSO and MJO over the North Pacific 102 

and North America (Roundy et al. 2010; Arcodia, Kirtman and Siqueira 2020) highlight the importance 103 

of investigating how both modes influence North Pacific ARs simultaneously. For example, Mundhenk, 104 

Barnes and Maloney (2016) pointed out a complex interaction between ENSO and MJO over the 105 

northeastern Pacific impacting ARs. The combined use of AR frequency and circulation composites 106 

based solely on the MJO and ENSO separately might not be enough to effectively describe the associated 107 

AR weather patterns when both modes are active. 108 

 Recently, Toride and Hakim (2021) pointed out that EN favors northern Pacific AR activity in 109 

MJO phase 3 because it weakens the North Pacific anticyclonic flow. However, changes in the 110 

circulation by EN in other MJO phases have not been described, such as in phases 6+7 when the origin 111 

of ARs over the subtropical northern Pacific increases (Zhou, Kim and Waliser 2021; Zhou et al. 2021). 112 

Furthermore, ENSO variability affects the strength and position of the northern Pacific subtropical jet 113 

(Bjerknes 1969), one of the key drivers of the MJO-AR connections. Changes in the subtropical jet are 114 

crucial as they impact the MJO tropical-extratropical teleconnection more than MJO heating, fixing the 115 

teleconnection route (Bao and Hartmann 2014). 116 

 Here we aim to assess how EN influences the MJO modulation of cool-season North Pacific AR 117 

lifecycle characteristics and associated precipitation over North America. EN may affect MJO-AR 118 

connections through changes in the basic state and in the MJO forcing. We address the following 119 

questions: (1) Does EN affect the MJO modulation of North Pacific ARs? (2) How does EN change the 120 

key drivers of the MJO-AR connections? (3) Does the overlapping effect of EN and MJO contribute to 121 

landfalling North Pacific ARs, their precipitation, and extremes over western North America? The 122 



 5 

proposed assessment is crucial to subseasonal predictions because both ENSO and MJO are known as 123 

“windows of opportunity” for extended subseasonal predictability (Vitart et al. 2015). 124 

 The data and methodology are described in Section 2. In Section 3, we examine the ENSO 125 

modulation of North Pacific ARs and the MJO modulation of North Pacific ARs. The EN influence on 126 

MJO-AR connections over North Pacific and North America is shown in Section 4. Section 5 describes 127 

the EN influence on MJO-AR precipitation anomalies and extreme precipitation events over North 128 

America. The results are summarized and discussed in Section 6. 129 

 130 

2 Data and Methodology 131 

2.1 Data 132 

Daily vertically integrated water vapor transport (IVT), 300 hPa wind, and bias-corrected 133 

precipitation data are from the Modern-Era Retrospective Analysis for Research and Applications, 134 

version 2 (MERRA-2, Gelaro et al. 2017), provided on a 0.5° latitude by 0.675° longitude grid. Daily 135 

data from CPC rainfall (Chen et al. 2008), gridded to 0.5°, are used for comparisons with precipitation 136 

data from MERRA-2. Daily outgoing longwave radiation (OLR) on a 2.5° latitude/longitude grid are 137 

from Liebmann and Smith (1996). The analysis period is 1980-2020 over the cool-season (NDJFM), 138 

when ENSO and MJO are more mature (Moon, Wang and Ha 2011) and ARs are more active over the 139 

North Pacific (Guan and Waliser 2015; Mundhenk, Barnes and Maloney 2016; Stan et al. 2017) and in 140 

western North America (Slinskey et al. 2020).  141 

 142 

2.2 Methodology 143 

2.2.1 AR events 144 

 Only AR events that originate between 0°N-60°N and 100°E-100°W (dashed rectangle in Fig. 145 

1a) as provided by the Guan and Waliser (2019) AR detection/tracking algorithm are included in the 146 

analysis. ARs are detected every six hours using the MERRA-2 based dataset of Guan and Waliser 147 

(2019). We follow Zhou et al. (2021) and consider the term “detection” in association with AR objects 148 

and “tracking” for tracing ARs’ lifecycles. While there are other available AR detection and tracking 149 

algorithms, and the choice of algorithm will necessarily affect results to some degree, we choose Guan 150 

and Waliser’s (2019) approach in part because it handles AR separation/merges well, thus contributing 151 

to a higher detection/tracking sensitivity than previous algorithms (Sellars et al. 2017; Zhou, Kim and 152 

Guan 2018). Its efficacy is also well established and used in many published studies (Bozkurt et al. 153 

2021; Chakraborty et al. 2021; Kim and Chiang 2021; Prince et al. 2021; Lee, Polvani and Guan 2022; 154 

Nash et al. 2022; Guan, Waliser and Ralph 2023). Additional information regarding the algorithm and 155 

its evaluation can be found in Guan and Waliser (2019).  156 

An AR object is an enclosed 2-dimensional (latitude and longitude) spatially contiguous area of 157 

anomalously strong IVT that meets the criteria for AR conditions including IVT magnitude and 158 
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geometric constraints on length and width. Objects first retained from IVT magnitude thresholding 159 

(above the 85th percentile) are filtered using directional and geometric requirements. First, more than 160 

50% of the area of the IVT object must have an IVT direction within 45° of the mean IVT direction of 161 

the object. This ensures general coherence in IVT direction within the object. Secondly, only objects 162 

longer than 2000 km with length-to-width ratios >2 are retained. Finally, multiple, sequentially higher 163 

IVT thresholds (85th-95th percentiles) are applied if an IVT object fails the previous criteria. The use of 164 

multiple IVT thresholds allows for the identification of ARs within the core region of a larger, wider 165 

object that may not meet the geometry criteria (Guan, Waliser and Ralph 2018). Objects that are retained 166 

after these steps are labeled ARs.  167 

Each AR event is a set of spatiotemporally connected AR objects, with the first object defined 168 

as the AR origin (Fig. 1a) (Zhou, Kim and Guan 2018; Guan and Waliser 2019). For instance, Fig. 1a 169 

shows an example of an AR event across its entire lifecycle concurrent with EN and MJO phases 7-1 170 

during November 16-22, 1982, lasting 24 six-hourly time steps. The AR event originated in MJO phase 171 

7 on November 16, propagated over North America under MJO phase 8 during November 17-21, and 172 

ended on November 22 when MJO was in phase 1. We calculate the AR frequency as the grid-point-173 

accumulated number of AR objects from one lifecycle divided by the number of time steps (Zhou, Kim 174 

and Waliser 2021; Zhou et al. 2021). Hence, the AR frequency here shows the extent of an area affected 175 

by an AR event (Fig. 1b). For example, within the 24 six-hourly time steps of the AR event in Figure 176 

1b, some grid points over Mexico are impacted by this AR for 45% of the lifetime (about 10-11 time 177 

steps, Fig. 1c). The winter climatology (NDJFM) AR frequency is computed similarly except 178 

considering all six-hourly time steps during 40 winters, and all ARs originated within our study domain. 179 
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 180 

Fig. 1 Example of (a) AR lifecycle, and (b) AR frequency of a landfalling AR event during November 181 

16-22, 1982 (in a similar fashion as Fig. 1 in Zhou, Kim and Waliser 2021). Dash box (0°N-60°N, 182 

100°E-100°W) in (a) shows the focused region for AR lifecycles in this study. Shading in (a) represents 183 

the binary masks of AR objects in 6-hourly time steps starting from their origin (November 16 00Z). 184 

Brown/blue contours in (a) are 20-90-day filtered OLR anomalies for positive/negative values 185 

(20 𝑊𝑚−2 interval, zero is omitted) 186 

 187 

2.2.2 MJO phases 188 

 The MJO phases are defined according to the real-time multivariate MJO (RMM, Wheeler & 189 

Hendon 2004) index used to describe the MJO phase and amplitude. The RMM index consists of two 190 

principal components (RMM1 and RMM2) evaluated by the projection of the OLR and zonal winds at 191 

850 and 200 hPa in the tropics onto the first combined empirical orthogonal function (EOF). When the 192 

amplitude (A = [(RMM1)2 + (RMM2)2]12) of the MJO ≥ 1.0, the MJO is active. The eight MJO phases 193 

are determined by the 45° intervals from 0° to 360° of a phase angle 𝜃 = tan−1 (𝑅𝑀𝑀2𝑅𝑀𝑀1). 194 

 195 

2.2.3 ENSO states 196 

 The ENSO states (EN, LN, and neutral) are classified (Table 1) according to the most prominent 197 

events obtained with the Oceanic Nino Index (ONI). EN years are listed when the ONI is equal to or 198 

greater than 0.8°C, and LN years are when the ONI is equal to or smaller than -0.8°C. Neutral is defined 199 

(a) AR Lifecycle (16-22/Nov/1982, MJ0phases7-1, EN) 

60°N 

40°N 

20°N 

5 15 25 35 45 % 
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when the ONI is in between. The ONI index is based on the 3-month running mean of SST anomalies 200 

in the Niño 3.4 region (5°N-5°S, 170°W-120°W). Table 1 shows 11 EN, 12 LN, and 19 NT ENSO years. 201 

 202 

Table 1: Dates of EN, LN, and neutral ENSO years obtained from the ONI index, considering the 203 

threshold of 0.8°C. 204 

 205 

 206 

2.2.4 Composites for AR events under ENSO and MJO 207 

Composites of AR frequency changes are made for each ENSO state (EN, LN, and neutral), 208 

each active MJO phase, and simultaneously under active EN and MJO phases 6-1. ARs must originate 209 

concurrently with the phase of ENSO and/or the MJO of interest, with the origin being within the dashed 210 

rectangle in Fig. 1a. The composites are constructed as follows: for example, for each active MJO phase, 211 

we compute the AR frequency with the selected AR events, and subtract the winter climatology 212 

(NDJFM). 66% of the total number of North Pacific AR events are selected when MJO is active. All 213 

composites are normalized by dividing by the winter AR frequency climatology to show the relative 214 

percentage changes. 215 

From the 300 hPa daily wind data, we compute the zonally asymmetric streamfunction (Dawson 216 

2016) and the mean zonal wind to assess the MJO tropical-extratropical teleconnection and the northern 217 

Pacific subtropical jet behavior, respectively, during AR events. The methods below describe how OLR, 218 

streamfunction, IVT, and precipitation composite anomalies are calculated for each active MJO phase. 219 

The daily climatological means are calculated by smoothing the daily means with a 31-day moving 220 

average, which acts as a filter to remove spurious variance due to the 41-year sample. The daily 221 

anomalies are obtained from the difference between the observed data on each day and the 222 

climatological mean for the same day. These anomalies are submitted to a bandpass Lanczos filter 223 

(Duchon 1979) with 211 weights, retaining only the intraseasonal variability in the 20-90 band. After 224 

this filtering, only the anomalies in NDJFM are used in the composites. The ENSO-related anomalies 225 

and the effect from other climate variability modes are removed from the composite anomalies since we 226 

are interested only in the EN effect on the MJO-AR connections.  227 

The statistical significance of the composite anomalies is assessed with the Student’s t-test 228 

(Wilks 2006). For the MJO filtered anomalies, the samples may exhibit serial dependence, characterized 229 

by the autocorrelation coefficient at lag 1, termed ρ1. Hence, it is necessary to estimate the effective 230 

sample size n = N (1−ρ11+ρ1), in which N is the original sample size (Wilks 2006). 231 

1982/83, 1986/87, 1987/88, 1991/92, 1994/95, 1997/98, 2002/03,

2006/07, 2009/10, 2015/16, 2018/19 

1983/84, 1984/85, 1988/89, 1995/96, 1998/99, 1999/00, 2005/06,

2007/08, 2010/11, 2011/12, 2017/18

1979/80, 1980/81, 1981/82, 1985/86, 1989/90, 1990/91, 1992/93, 

1993/94, 1996/97, 2000/01, 2001/02, 2003/04, 2004/05, 2008/09, 

2012/13, 2013/14, 2014/15, 2016/17, 2019/20

Neutral

El Niño

La Niña
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 232 

2.2.5 Frequency of AR extreme precipitation events 233 

We analyze the frequency of AR extreme precipitation events since they are related to potential 234 

natural disasters in North America, such as floods (Neiman et al. 2011) and landslides (Young, Skelly 235 

and Cordeira 2017). Extreme precipitation day identification at a given grid cell follows Grimm and 236 

Tedeschi (2009) by first computing the 3-day running mean of precipitation and fitting the running 237 

means to a gamma distribution. Days with precipitation amount exceeding the 90th percentile of the 238 

gamma distribution are considered extreme precipitation days. The probability of AR-linked extreme 239 

precipitation events is computed for the period between ARs making landfall and their termination over 240 

North America, considering ARs originated during an active phase of the MJO in all years and separately 241 

in EN years. This assumes that observed extreme rainfall during this time period is associated with an 242 

AR. We also calculate the climatological probability of AR-linked extreme precipitation events in 243 

NDJFM. The Student’s t-test is applied to assess the significance of the difference between these MJO 244 

sample means (all years and EN years) and the climatology. Instead of showing this difference, we 245 

display the ratio between these probabilities to inform by which factor the probability changes in AR 246 

extreme events under the specific scenario (MJO in all years or MJO in EN years). 247 

 248 

3 Climate modulation of North Pacific ARs 249 

3.1 ENSO Modulation  250 

Figure 2a shows the NDJFM climatological AR frequency. The AR activity intensifies over the 251 

North Pacific during this time period (Guan and Waliser 2015; Mundhenk, Barnes and Maloney 2016) 252 

with 98% of the total time steps over the 40 cool seasons associated with active ARs somewhere in the 253 

study domain. The maximum frequency extends from 160°E to 135°W over the subtropical northern 254 

Pacific where more than 12.5% of time steps have an AR.  255 

The AR frequency is separated into EN and LN years (Fig. 2b-c) with composites of OLR, IVT, 256 

and circulation anomalies and mean zonal wind at 300 hPa shown in Fig. 2d-g. Figure S1 shows the 257 

same composites but in neutral ENSO years for comparisons with composites for EN and LN states. We 258 

assess the ENSO-AR connections since this information helps differentiate the straight effects of EN on 259 

ARs and the EN influence on the MJO-AR connections (next section). The EN teleconnection, which 260 

drives changes in AR activity over the northeastern Pacific (Patricola et al. 2020), is characterized by a 261 

cyclonic flow anomaly over the North Pacific, an anticyclonic flow anomaly over extratropical North 262 

America, and a secondary cyclonic flow in the southeastern US (Fig. 2f). LN teleconnection shows a 263 

nearly opposite circulation anomaly pattern (Fig. 2g). 264 
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 265 

Fig. 2 (a) Winter (NDJFM) climatological AR frequency (percent of time steps) with North Pacific AR 266 

events originating in the black dash box (0°N-60°N, 100°E-100°W). Climatological AR frequency of 267 

North Pacific AR events in (b) EN, and (c) LN. Numbers written in (a), (b), and (c) are the time steps 268 

for all AR events in each sample. OLR anomalies (brown/blue contours for positive/negative values, 269 6 𝑊𝑚−2 interval, zero is omitted), IVT anomalies (purple arrows in units of  kg m−1s−1), and 270 

percentage changes in AR frequency (shading) in (d) EN and (e) LN. Dots mark AR frequency changes 271 

with p < 0.1 from a t-test. IVT anomalies are only shown to the north of 10°N and only for values over 272 

15 kg m−1s−1. 300 hPa streamfunction anomalies (continuous/dashed contours represent 273 

positive/negative values, 1.5 × 106 𝑚2𝑠−1interval) and zonal wind (pink lines, 10 𝑚𝑠−1 interval, 274 

starting from 25 𝑚𝑠−1) in (f) EN, and (g) LN. The zonal wind, IVT, OLR, and streamfunction anomalies 275 

are averaged between AR origins and terminations 276 

60°N 

40°N 

20°N 

60°N 

40°N 

20°N 

60°N 

40°N 

60°N 

40°N 

20°N 

(a) Climatological AR Frequency 

20°s~-~~~ ~-·~ •----~--~ 
120°E 180° 120°W 

(b) EN AR Frequency (c) LN AR Frequency 

2.5 5 7.5 10 12.5 % 

(d) EN AR Freq Changes + IVT (e) LN AR Freq Changes + IVT 

;O~ 5:i~ :$) ~~ ~~ :--~ .... ~ 'l,~ ":,~ ~ (,:,~ ro~ a\o 

EN SF300 + . et 

120°E 120°w 
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EN (Fig. 2b) and LN (Fig. 2c) extend zonally the maximum frequency with respect to neutral 277 

(Fig. S1a). Overall, 27% (6476) of the total winter time steps (24249) related to North Pacific ARs 278 

happen in EN, 28% (6787) in LN, and 45% (10986) in neutral, but they are more frequent in neutral 279 

years because they are more numerous (19) than in EN (11), and LN (11) years (Table 1). On the other 280 

hand, the percentage of time steps with at least one AR somewhere over the North Pacific in each ENSO 281 

state in NDJFM is not different from climatology (98%) for the three ENSO states: 97% (EN), 98% 282 

(LN), and 98% (NT).  283 

Under EN (Fig. 2d), a zonal band of strong anomalous eastward IVT and increased AR 284 

frequency appears between 20°N and 40°N over the North Pacific. AR frequency is increased by 10%-285 

30% over the northeastern Pacific and west of the northwest US, associated with the deepened 286 

anomalous cyclonic flow. The eastward IVT anomaly aligns with the southern flank of the cyclonic 287 

circulation, and the southeastward extension of the northern Pacific subtropical jet (Fig. 2f). Previous 288 

studies have linked the Aleutian Low and the northern Pacific subtropical jet to enhanced zonal moisture 289 

transport in EN and increased AR activity over the northeastern Pacific (Kim, Zhou and Alexander 2017; 290 

Patricola et al. 2020). Increased AR origin frequency (20%-60% with respect to climatology) is found 291 

over eastern Asia, probably related to the northeastward IVT anomaly within the anticyclonic circulation 292 

linked to suppressed convection over the Maritime Continent and the western Pacific in EN (Fig. 2d). 293 

While AR origin frequency is not specifically plotted here, it is reasonable to assume that AR frequency 294 

reflects AR origins as this is a region with typically strong baroclinicity, and AR origins are more 295 

frequent toward the western boundaries of ocean basins (Guan and Waliser 2019). Increased AR 296 

frequency (by 20%-60%) is also present over Central America and the Caribbean Sea, corresponding to 297 

the anomalous northeastward IVT within the continental cyclonic flow anomaly (Fig. 2d,f).  298 

AR frequency is suppressed by 10%-40% with respect to climatology over the extratropical 299 

western and central northern Pacific Basin in EN (Fig. 2d), associated with the westward IVT anomaly 300 

within the north branch of the intensified anomalous cyclonic circulation (Fig. 2d,f). Reduced AR 301 

frequency of a similar magnitude is also found over the southwestern US, corresponding to the westward 302 

IVT anomaly within the continental cyclonic flow.  303 

Changes in AR frequency during LN (Fig. 2e) show nearly the opposite features from EN (Fig. 304 

2d). AR frequency is reduced (10%-40% relative to climatology) over the subtropical northeastern 305 

Pacific, associated with the southwestward IVT anomaly within the anticyclonic flow (Fig. 2e,g). 306 

Suppressed frequency with a peak of 50% extends eastward into the Gulf of Mexico. AR origin 307 

frequency decreases by at least 30% over eastern Asia, probably related to the northwestward IVT 308 

anomaly within the anomalous cyclonic flow linked to enhanced convection over the Maritime 309 

Continent in LN (Fig. 2g). 310 

Increased frequency by 10%-30% spreads between 20°N-60°N over the western and central 311 

northern Pacific in LN. The increase is associated with the convergence of anomalous northeastward 312 

IVT from the subtropical western Pacific and anomalous northwestward IVT within the North Pacific 313 
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anticyclonic flow. The increased AR frequency reaches the northwest US (10%-30% relative to 314 

climatology), related to the northeastward extension of the northern Pacific subtropical jet (Fig. 2g) and 315 

the anomalous southeastward IVT at the northern flank of the anticyclonic flow (Fig. 2e). 316 

Hence, changes in AR frequency under active ENSO over the northeastern Pacific are mainly 317 

affected by the ENSO teleconnection and the effect of ENSO on the subtropical jet (Payne and 318 

Magnusdottir 2014). Furthermore, these changes corroborate those shown by Mundhenk, Barnes and 319 

Maloney (2016) and Zhou et al. (2021), even though they apply other algorithms, constrain the cool-320 

season as DJF, or consider an ENSO index (ENSO Longitude Index, ELI, Williams and Patricola 2018) 321 

that better correlates with the western US winter precipitation than other ENSO indices (Patricola et al. 322 

2020). However, our results show EN and LN increasing AR activity over a wider area along the western 323 

North American coast, around 35°N-50°N. When the ENSO phenomenon is neutral the AR frequency 324 

(Fig. S1a) is similar to climatology (Fig. 2a). Changes in AR frequency in neutral ENSO (Fig. S1b) are 325 

weaker than those in active ENSO years compared to climatology (Fig 2d-e), as there is no ENSO 326 

teleconnection signal (Fig. S1c) over the North Pacific and the subtropical jet (Fig. S1c), OLR (Fig. 327 

S1b) and IVT (Fig. S1b) anomalies are weakened compared to those under EN (Fig. 2d,f) and LN (Fig. 328 

2e,g). 329 

 330 

3.2 MJO modulation  331 

Figure 3 shows the evolution of AR frequency changes and associated IVT anomalies 332 

throughout the MJO cycle. MJO convection and tropical-extratropical teleconnections are also 333 

displayed. It is convenient to start the analysis from MJO phases 1-3 (Fig. 3a-c) when the suppressed 334 

MJO convection propagates over the Maritime Continent and reaches the western Pacific. Two 335 

anticyclonic anomalies straddle the equator at low-levels to the west of the suppressed convection (not 336 

shown), a typical Matsuno-Gill response (Gill 1980). The anomalous northeastward IVT within the 337 

anticyclonic flow south of Japan in MJO phases 2-3 (Fig. 3b-c) enhances AR origins up to 50% relative 338 

to climatology. The increased AR activity over eastern Asia extends eastwards towards the northwestern 339 

Pacific in MJO phase 3, probably related to the maximized northeastward IVT flux coupled with the 340 

enhanced MJO convection (Bretherton, Peters and Back 2004; Holloway and Neelin 2009; Zhou, Kim 341 

and Waliser 2021, Zhou et al. 2021).  342 

Decreased AR frequency (20%-40%) emerges over the subtropical western Pacific in MJO 343 

phase 1 (Fig. 3a). In MJO phase 2 (Fig. 3b), these changes intensify (30%-50%) and shift to the 344 

subtropical central and northeastern Pacific, associated with the appearance of the MJO teleconnection 345 

and its anomalous anticyclonic flow and westward IVT. As the signal of the MJO teleconnection takes 346 

around 10-14 days to develop in the North Pacific (Seo and Lee 2017; Tseng, Maloney and Barnes 347 

2019), the MJO teleconnection in an MJO phase (for example, MJO phase 3) is a composite for MJO 348 

teleconnections triggered in that MJO phase and also delayed signals from teleconnections originated in 349 
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previous MJO phases (for example, MJO phase 2). In MJO phase 3 (Fig. 3c), decreased AR frequency 350 

over the subtropical central and northeastern Pacific peaks at 50%-70%, associated with the fully 351 

established MJO teleconnection, intensifying the anomalous anticyclonic flow (Stan et al. 2017) and 352 

westward IVT. AR frequency over North America decreases by 10%-50% over land between 30°N and 353 

70°N in phases 2-3.  354 

 355 

 356 

Fig. 3 Composites of percentage changes in AR frequency (shading), filtered 300 hPa streamfunction 357 

(continuous/dashed contours represent positive/negative values, 6 × 105𝑚2𝑠−1 interval, zero line is 358 

omitted), IVT (purple vectors, only showing values to the north of 10°N and over 15 kg m−1s−1), and 359 

OLR (brown/blue contours represent positive/negative values, 5 𝑊/𝑚2 interval, zero line is omitted) 360 

anomalies in each MJO phase. OLR anomalies are concurrent with AR origins. Streamfunction and IVT 361 

anomalies are averaged for dates when North Pacific ARs are active in each MJO phase. Dots, 362 

streamfunction contours, and IVT vectors represent AR frequency and MJO anomalies with p < 0.1 363 

from a t-test 364 
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Reduced AR frequency persists over the northeastern Pacific in phase 4 (Fig. 3d), as the MJO 365 

teleconnection is still strong. In phase 5 (Fig. 3e), the suppressed MJO convection over the central 366 

Pacific weakens, and the MJO teleconnection decays, but the decreased AR frequency is still significant 367 

over the northeastern Pacific. Prevailing decreased AR frequency over the northeastern Pacific in MJO 368 

phases 2-5 was also shown by Mundhenk, Barnes and Maloney (2016), considering all seasons. Hence, 369 

changes in the AR frequency over this region are not symmetric with respect to their distribution 370 

throughout the MJO phases. 371 

In MJO phases 5-7 (Fig. 3e-g), an opposite pattern in AR origin frequency emerges over the 372 

western Pacific when the enhanced MJO convection propagates over the Maritime Continent and 373 

reaches the western Pacific. Two cyclonic anomalies straddle the equator at low levels to the west of the 374 

enhanced convection (Fig. 1 of Gill 1980). The AR origin frequency decreases up to 50% over eastern 375 

Asia corresponding to the anomalous southwestward IVT within the cyclonic flow south of Japan in 376 

phases 6-7 (Fig. 3f-h). The decreased AR frequency over eastern Asia extends towards the northwestern 377 

Pacific and intensifies in phases 7 and 8, probably associated with the deepened North Pacific anomalous 378 

cyclonic flow. 379 

Increased AR frequency intensifies and shifts to the subtropical central and northeastern Pacific 380 

in phase 6, associated with the appearance of the MJO tropical-extratropical teleconnection over the 381 

western Pacific, opposite to the pattern with respect to the teleconnection in phases 2-4 (Fig. 3b-d). 382 

Increased AR frequency (50%-70%) occurs over the subtropical northeastern Pacific in phase 7 (Fig. 383 

3g) due to the intensification of the teleconnection pattern, the anomalous eastward IVT, and the 384 

cyclonic flow. These results are consistent with those associating increased AR activity with an 385 

intensified low over the northeastern Pacific (Stan et al. 2017) and enhanced MJO convection over the 386 

western Pacific (Guan et al. 2012; Guan and Waliser 2015; Payne and Magnusdottir 2014; Spry et al. 387 

2014; Zhou, Kim and Waliser 2021, Zhou et al. 2021). In phase 8 (Fig. 3h), the MJO teleconnection 388 

pattern fully establishes between the North Pacific and North America. The increased AR frequency 389 

amplifies and extends northeastward, following the propagation of the cyclonic flow. Hence, the most 390 

prominent positive AR frequency changes over the northeastern Pacific happen in phases 7 and 8. In 391 

phase 1 (Fig. 3a), the MJO convection weakens over the central Pacific, the MJO teleconnection decays, 392 

and the increased AR activity quickly disappears over the northeastern Pacific. 393 

 394 

4 EN influence on MJO-AR connections  395 

Here we assess the joint impact from EN and MJO on North Pacific AR lifecycles. Figure 4 396 

shows changes in the North Pacific AR activity and IVT anomalies from MJO phases 6 through 1 in all 397 

years (left panels, same as in Fig. 3) and EN years (right panels). MJO convection and teleconnections 398 

are also displayed. Note that the range in the color bar is larger in Fig. 4 than Fig. 3.  399 
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 400 

Fig. 4 Same as Figure 3, but the left panels show composites from MJO phase 6 through MJO phase 1 401 

in all years, and the right panels show the same MJO phases in EN years 402 

 403 

In MJO phase 6 (Fig. 4a), enhanced MJO convection propagates from the Maritime Continent 404 

and reaches the western Pacific. In EN (Fig. 4e), strong MJO equatorial convection (-10 W/m²) crosses 405 

180° already in phase 6, favored by EN convection (Fig. 2d) due to ascent in the Walker circulation and 406 

positive SST anomalies. In composites for all years, this only occurs in phase 7 (Fig. 4b). Also, MJO 407 

convection over the western (phase 7) and central (phase 8) Pacific is enhanced (up to -20 W/m²) and 408 

shifted eastward in composites for EN (Fig. 4f-g) with respect to that for all years (Fig. 4b-c), consistent 409 

with previous studies showing an eastward shift of the MJO activity during EN events  (Fink and Speth 410 
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1997; Hendon, Zhang and Glick 1999; Kessler 2001; Pohl and Matthews 2007; Tam and Lau 2005; Wei 411 

and Ren 2019).  412 

The anomalous southwestward IVT within the anomalous cyclonic flow south of Japan and to 413 

the west of the MJO convection (Gill 1980) in phases 6-8 (Fig. 4a-c) is also stronger and shifted to the 414 

east in EN (Fig. 4e-g). Thus, origin frequency decreases over the western Pacific in phases 6-8 under 415 

EN (up to 70%, Fig. 4e-g) rather than over eastern Asia (Fig. 4a-c). AR origin frequency increases over 416 

eastern Asia in phases 7-8 and EN (MJOENphases7-8) (10%-50% with respect to climatology, Fig. 4f-417 

g) corresponding to the anomalous northeastward IVT over eastern Asia and the western Pacific in EN 418 

(Fig. 2d). Also, the upper-level anomalous anticyclonic flow over eastern Asia and the western Pacific 419 

in MJOENphases6-7 is more persistent (Fig. 4e-f) because of the EN upper-level circulation anomalies 420 

with the same sign over this region (Fig. 2f).  421 

Over the northeastern Pacific and western North America, changes in AR activity are maximized 422 

by the EN effect on MJO convection, propagation, and teleconnections. Increased AR frequency over 423 

the subtropical northeastern Pacific appears east of Hawaii in MJOENphases6-7 (Fig. 4e-f), potentially 424 

increasing the likelihood of “Pineapple Express” events. Moreover, maximum positive changes in AR 425 

frequency in MJOENphases6-8 surpasses 100%, extending from the northeastern Pacific towards 426 

California and Mexico (Fig. 4e-g) over regions not affected by the isolated effect of EN (Fig. 2d) or 427 

MJO (Fig. 4a-c). On the other hand, AR activity is increased by 110% over the southeastern US (Fig. 428 

4f) associated with the superposition of MJO phase 7 (up to 50%, Fig. 4b) and EN (up to 60%, Fig. 2d) 429 

effects on North Pacific AR lifecycles.   430 

The left panels in Fig. 5 display composites for the northern Pacific subtropical jet, AR activity, 431 

and MJO related-anomalies used as a reference for comparing MJO phases 7+8 in EN (Fig. 5a) and non-432 

EN years (LN and neutral ENSO) (Fig. 5b) and the difference between them (Fig. 5c). As convection 433 

shifts to the east in EN, the MJO teleconnection is triggered east of 180° in MJOENphases7+8 (Fig. 5a). 434 

The teleconnection pattern weakens in MJOENphases7+8 with respect to that in non-EN years (Fig. 5b) 435 

and it propagates towards western subtropical North America (Fig. 5a) instead of elongating 436 

meridionally towards higher latitudes in the central northern Pacific (Fig. 5b). Results are consistent 437 

with the southeastward extension of the northern Pacific subtropical jet in EN (Fig. 5a, Fig. 2f) 438 

decreasing the Rossby wave propagation and reducing the MJO teleconnection pattern consistency 439 

(Tseng, Maloney and Barnes 2020). Composites from phases 6 through 1 in non-EN years are similar 440 

(not shown) to all years (Fig. 4, left panels) and show stronger MJO teleconnections than EN years, 441 

corroborating Tseng, Maloney and Barnes (2020) (Fig. 5b), even though they considered an MJO index 442 

based on convective variability (OMI index) instead of the RMM which is typically dominated by the 443 

wind field. Although the aspects described so far are visible in Figs. 4 and 5a-b, they are corroborated 444 

by the difference between EN and non-EN (Fig. 5c). It shows that the EN state predominantly increases 445 

the MJO-related convection anomalies in phases 7+8 in the central-eastern tropical Pacific and confirms 446 
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the extension of the northern Pacific subtropical jet reaching the western North American coast, thus 447 

supporting the enhanced anomalous cyclonic flow and eastward IVT over that region.  448 

  449 

Fig. 5 Composites of percentage changes in AR frequency (shading), mean zonal wind (pink lines, 10 450 𝑚𝑠−1 interval, starting from 25 𝑚𝑠−1), filtered 300 hPa streamfunction (continuous/dashed contours 451 

represent positive/negative values, 6 × 105𝑚2𝑠−1 interval, zero line is omitted), IVT (purple vectors, 452 

only showing values to the north of 10°N and over 15 kg m−1s−1), and OLR (brown/blue contours 453 

represent positive/negative values, 5 𝑊/𝑚2 interval, zero line is omitted) anomalies in MJO phases 7+8 454 

in (a) EN and (b) and non-EN years. (c) The difference between (a) and (b). OLR anomalies are 455 

concurrent with AR origins. The mean zonal wind, streamfunction and IVT anomalies are averaged for 456 

dates when North Pacific ARs are active in each MJO phase. Dots, streamfunction contours, and IVT 457 

vectors represent AR frequency and MJO anomalies with p < 0.1 from a t-test. Percentage changes in 458 

(d) the number of AR events, (e) lifetime and (f) mean intensity over the North Pacific in MJO phases 459 

6-1. Black bars show percentages for all years and red bars for EN years. NDJFM climatological values 460 

for number of AR events, lifetime, and mean intensity are 0.78 events/day, 2.72 days, and 388.52 461 𝑘𝑔 𝑚−1𝑠−1, respectively 462 

The right panels of Fig. 5 show the percentage changes in the number of AR events, lifetime, 463 

and mean intensity in MJO phases 6-1 for all years (black bars) and EN years (red bars). The increased 464 

number of AR events shifts from MJO phases 6-7 in all years to MJO phases 7-8 in EN years (Fig. 5d). 465 
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Furthermore, the number of AR events in MJOENphases7-8 increases by 5-6% in comparison with 466 

climatology (Fig. 5d), longer lifetimes happen in MJOENphases6-7 (Fig. 5e), and increased mean 467 

intensity in MJOENphases6-8 (Fig. 5f).  468 

As the MJO convection and teleconnections in MJOENphases7+8 are shifted to the east (Fig. 469 

5a), the upper-level cyclonic flow associated with increased AR activity and anomalous eastward IVT 470 

appears along the western North America coast rather than over the central northern Pacific (Fig. 5b). 471 

Although the anomalous cyclonic flow in EN is weakened (Fig. 4 right panels) with respect to 472 

composites for all years (Fig. 4 left panels), it lasts longer under EN, from MJO phases 6 through 1, 473 

because of the EN upper-level circulation anomalies with the same sign over the northeastern Pacific 474 

(Fig. 2f). These results are consistent with Moon, Wang and Ha (2011), which showed that in MJO 475 

phase 7, the North Pacific cyclonic flow is closer to the western US in EN, increasing precipitation over 476 

that region. Also, increased AR frequency reaches Alaska one phase earlier in EN (MJO phase 6, Fig. 477 

4e) than in composites for all years (MJO phase 7, Fig. 4b) because the MJO teleconnection signal starts 478 

to appear over the northeastern Pacific earlier under the EN basic state. 479 

Furthermore, MJOENphases6-1 (Fig. 4, right panels) show the upper-level anomalous cyclonic 480 

flow propagating along the western North American coast from subtropical through extratropical 481 

latitudes. In MJOENphases6-7, the cyclonic flow is centered around 25°N-30°N (Fig. 4e-f). Hence, 482 

maximum positive AR frequency is over subtropical North America in MJOENphase7. As the MJO 483 

propagates eastward slower under EN over the central-eastern tropical Pacific (Wei and Ren 2019), 484 

strong suppressed MJO convection reaches the subtropical northeastern Pacific earlier in all years (phase 485 

8, Fig. 4c) than EN years (phase 1, Fig. 4h). Thus, the delayed MJO eastward propagation in EN allows 486 

the establishment of the anomalous IVT cyclonic flow over the subtropical northeastern Pacific shifted 487 

to the east in MJOENphases7-8 (Fig. 4f-g), with strong anomalous northeastward IVT coupled to the 488 

main MJO convection over the western and central Pacific.  489 

The mechanisms behind these changes in AR lifecycle characteristics over the northeastern 490 

Pacific described thus far are complex since EN affects the basic state, the northern Pacific subtropical 491 

jet, the MJO convection, and its eastward propagation. Then, these changes influence the development 492 

and establishment of the MJO tropical-extratropical teleconnection and the anomalous eastward IVT 493 

flux related to North Pacific ARs. 494 

The anomalous cyclonic flow propagates to higher latitudes in MJOENphase8 (Fig. 4g), 495 

surpassing 40°N in MJOENphase1 (Fig. 4h). Increased AR activity spreads over western North America 496 

in MJOENphase8, with positive changes over regions showing negative changes in composites for all 497 

years (Fig. 4c). Thus, the maximized impact on AR frequency over western North America occurs when 498 

the MJO convection and teleconnection (Fig. 3h) in phase 8 roughly align with the EN convection and 499 

teleconnection (Fig. 2d-f). Notwithstanding, the MJO teleconnection pattern strengthens and propagates 500 

towards extratropical latitudes in MJOENphase1 (Fig. 4h). The slow variation of the MJO probably 501 

favors delayed teleconnection signals in MJOENphase1 triggered by the enhanced MJO convection over 502 
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the central Pacific in MJOENphase8 (Fig. 4g). The teleconnection pattern in MJOENphase1 supports the 503 

persistence of positive AR frequency over the northeastern Pacific and anomalous eastward IVT that 504 

point out towards the western US. 505 

Figure 6 shows the frequency of MJO active days (Fig. 6a), AR origins over the North Pacific 506 

(Fig. 6b), and number of timesteps with landfalling ARs over North America (Fig. 6c) from MJO phase 507 

6 through phase 1 in all years (black bars) and EN years (red bars). EN increases the climatological 508 

number of North Pacific AR events per day in NDJFM from 0.78 (Fig. 5) to 0.83, leading to an increased 509 

landfalling AR frequency over western North America (Payne and Magnusdottir 2014; Kim, Zhou and 510 

Alexander 2017). Furthermore, the total North Pacific AR events originating concurrently with active 511 

MJO phases also increases from 66% (subsection 2.2.4) to 73% in EN years. MJO phases 6 and 7 are 512 

more active than MJO phases 8 and 1 (Fig. 6a). Thus, North Pacific AR origins are more frequent in 513 

MJO phases 6 and 7 than MJO phases 8 and 1 (Fig. 6b). However, in EN, the frequency of MJO active 514 

days, and consequently, the number of AR origins decreases in MJO phases 6 and 7, and increases in 515 

phases 8 and 1 because the background EN-related anomalies influence the relative occurrence of MJO 516 

with similar patterns of circulation/convection anomalies (Fernandes and Grimm 2023). For example, 517 

MJO phases 8 and 1 are more frequent in EN because both modes in these phases support suppressed 518 

convection over the equatorial eastern Indian Ocean, Maritime Continent/western Pacific, while 519 

enhanced convection predominates over the equatorial central Pacific (Figs. 2d and 4c,d).  520 

 521 

 522 

Fig. 6 Percentage of (a) MJO active days, (b) AR origins over the North Pacific (0°N-60°N, 100°E-523 

100°W), and (c) timesteps with landfalling ARs over North America in MJO phases 6-1 in NDJFM. 524 

Black bars show percentages for all years and red bars for EN years 525 
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often make landfall in North America from MJO phases 6 to 8, peaking in phase 7 (Fig. 6c). Results are 528 
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consistent with those described in Mundhenk et al. (2018) and Zhou et al. (2021). Notwithstanding, in 529 

EN, ARs make landfall less often in phase 7 but more often in phases 8 and 1, with maximum frequency 530 

of landfalling happening later in phase 8. Changes in the peak of landfalling ARs over North America 531 

from phase 7 to phase 8 in EN are linked to the increased number of active MJO days in phase 8 (Fig. 532 

6a) and also probably to the slower MJO propagation over the central-eastern tropical Pacific in EN 533 

(Wei and Ren 2019). Therefore, EN favors longer lifetimes to North Pacific AR events originated in 534 

MJO phases 6 and 7 (Fig. 5e) and also supports part of those events making landfall in North America 535 

later, in phases 8 and 1 (Fig. 6c). Composites for MJO-AR precipitation anomalies and extreme rainfall 536 

events during the landfalling ARs assessed here are in the next section. 537 

 538 

5 EN influence on MJO-AR precipitation over North America   539 

 Here we assess how EN influences AR-related precipitation and extremes occurring from MJO 540 

phases 6 through 1 over North America. Precipitation statistics are only computed for dates in which an 541 

AR that originated in our study area has made landfall over North America and has not yet reached 542 

termination. In other words, precipitation is counted over North America only when an AR object is 543 

present over land. Composites are made using precipitation data from MERRA-2, although composites 544 

using CPC gridded rainfall show similar results over land (not shown). The significant positive 545 

precipitation anomalies are predominantly over the northeastern Pacific in all years (Fig. 7, left panels), 546 

with maximum anomalies happening in MJO phase 8 (Fig. 7c), corroborating Payne and Magnusdottir 547 

(2014), reaching the North American coast around 60°N, associated with increased AR activity over the 548 

same region in phases 7-8 (Fig. 4b-c). 549 

An anomalous precipitation dipole occurs over the western North American coast from 550 

MJOENphase6 through MJOENphase8 (Fig. 7e-g), linked to the cyclonic flow anomaly adjacent to the 551 

continent (Fig. 4e-g). Positive precipitation anomalies are over coastal Alaska in MJOENphase6 (Fig. 7e) 552 

concurrent with the positive AR frequency changes and anomalous northeastward IVT (Fig. 4e). 553 

Negative precipitation anomalies appear over the western US in MJOENphase6 (Fig. 7e), related to the 554 

decreased AR frequency and anomalous southwestward IVT (Fig. 4e). Enhanced positive precipitation 555 

anomalies are also over the eastern US in MJOENphase6, associated with anomalous northeastward IVT 556 

and increased AR frequency linked to North Pacific ARs propagating from subtropical to extratropical 557 

continental regions (as in Fig. 1). These AR events are likely related to the significant variability in 558 

southeastern US rainfall under EN plus MJO phases 6+7 described by Arcodia, Kirtman and Siqueira 559 

(2020). 560 
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 561 

Fig. 7 Composites of precipitation anomalies (color bar, 𝑚𝑚 𝑑𝑎𝑦−1) in MJO phases 6-1 in all years 562 

(left panels) and in EN years (right panels). Precipitation anomalies are averaged for the dates between 563 

North Pacific ARs making landfall and their termination. Gray lines delimit values with p < 0.1 from a 564 

t-test 565 

In MJOENphase7 (Fig. 7f), negative precipitation anomalies remain over the western US, and 566 

positive precipitation anomalies reach the subtropical western North America. Although the percentage 567 

of time steps with ARs making landfall over North America decreases in MJOENphase7 (Fig. 6c), 568 

positive precipitation anomalies are enhanced over the continent (Fig. 7f) with respect to those in all 569 

years (Fig. 7b). Notwithstanding, positive precipitation anomalies in MJOENphase6 (Fig. 7e) are stronger 570 

than those in MJOENphase7 (Fig. 7f), though positive changes in AR frequency increase in MJOENphase7 571 

(Fig. 4f) with respect to MJOENphase6 (Fig. 4e). This is due to how we compute AR frequency (Figs. 3 572 

and 4), namely for all ARs originating over the North Pacific, not only for those making landfall as in 573 
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Fig. 7. Hence, increased North Pacific AR activity does not necessarily mean increased precipitation 574 

anomalies over the North American due to landfalling ARs in the same MJO phase.  575 

The anomalous precipitation dipole over western North America moves towards higher latitudes 576 

from MJOENphase7 (Fig. 7f) to MJOENphase8 (Fig. 7g), following the propagation of the anomalous 577 

cyclonic flow adjacent to western North America (Fig. 4f-g), with significant positive precipitation 578 

anomalies reaching the western US in MJOENphase8. Positive precipitation anomalies are shifted to the 579 

east (Fig. 7g) with respect to all years (Fig. 7c), following the displacement of MJO convection, 580 

teleconnection, and increased AR activity under EN (Fig. 4g). Notwithstanding, the maximum positive 581 

precipitation anomalies started in MJOENphase8 spread over coastal regions between 40°N and 55°N in 582 

MJOENphase1 (Fig. 7h), linked to the strengthened MJO tropical-extratropical teleconnection (Fig. 4h). 583 

Therefore, although the maximum AR frequency (Fig. 4g), mean intensity (Fig. 5c), and increased 584 

number of timesteps with ARs making landfall (Fig. 6c) are in MJOENphase8, the maximum positive 585 

precipitation anomalies last longer from MJOENphase8 to MJOENphase1. Positive precipitation 586 

anomalies over Mexico are also stronger in MJOENphases8-1 (Fig. 7g-h) because of the EN enhancement 587 

of cyclonic circulation (Fig. 2f) that favor precipitation in those regions. 588 

Fig. 8 displays the ratio between the probability of AR extreme precipitation events for MJO 589 

phases 6-1 in all years (left panels) and EN years (right panels). The effect on the frequency of extremes 590 

(Fig. 8) follows that on daily precipitation (Fig. 7). However, there are instances when the impacts on 591 

the AR extreme precipitation are more prominent than in the AR average rainfall (Slinskey et al. 2020). 592 

For example, it happens in phases 6 and 8 over western Canada (Figs. 7a,c and 8a,c) and in phase 7 over 593 

southern California/Mexico (Figs. 7b and 8b). The most extensive MJO impacts on AR extreme rainfall 594 

events happen in phase 8 (Fig. 8c), in agreement with precipitation anomalies (Fig. 7c) and increased 595 

AR frequency (Fig. 4c). Changes in the frequency of AR extreme events weaken in phase 1 (Fig. 8d), 596 

as observed for the precipitation anomalies (Fig. 7d). 597 
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 598 

Fig. 8 Ratio between the probability of AR extreme precipitation events in MJO phases 6-1 and the 599 

mean probability (NDJFM), in (left) all years and (right) EN years. Only ratios corresponding to 600 

statistically significant difference between the probability of occurrence in MJO phases 6-1 and the 601 

mean probability with confidence level better than 90% are shown in color. When the proportion is 602 

larger than one, the frequency of MJO-AR extreme rainfall events increases by that factor under the 603 

specific scenario (all years or EN years). Extreme precipitation events are counted for the dates between 604 

North Pacific ARs making landfall and their termination 605 

 606 

Changes in the frequency of extreme precipitation events follow the behavior of precipitation 607 

anomalies in MJOENphases6-1, showing increased significance over western North America (Fig. 8, 608 

right panels) associated with the anomalous cyclonic flow propagating closer to the continent (Fig. 4, 609 
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right panels). Decreased frequency of extremes happens in MJOENphases6-7 over the western US (Fig. 610 

8e-f), linked to negative precipitation anomalies (Fig. 7e-f) and decreased AR activity (Fig. 4e-f). 611 

Enhanced frequency of extreme events appears over Canada and Alaska in MJOENphase6 (Fig. 8e) in 612 

association with increased AR frequency and positive precipitation anomalies (Fig. 7e). Because of the 613 

eastward displacement of the MJO convection, teleconnection and AR activity, EN doubles the 614 

frequency of AR extreme precipitation events from subtropics in MJO phase 7 (Fig. 8f) through 615 

extratropical latitudes of western North America in MJO phases 8-1 (Fig. 8g-h). The most significant 616 

impacts happen one MJO phase later in EN (phase 1, Fig. 8c,h), following the EN effect on the enhanced 617 

precipitation anomalies (Fig. 7c,h). Furthermore, the EN enhancement of anomalous cyclonic 618 

circulation (Fig. 2f) over subtropical North America favors the increased frequency of AR extreme 619 

rainfall events (Fig. 8e-f) more than the AR positive precipitation anomalies (Fig. 7e-f) in MJO phases 620 

6-7. 621 

 622 

6 Summary and Discussion 623 

 This investigation addresses the EN influence on MJO-AR connections over the North Pacific 624 

and associated AR landfall-driven precipitation over North America from MJO phases 6 through 1. The 625 

background changes produced by EN modify the strength and position of the northern Pacific 626 

subtropical jet, the structure and propagation of the MJO’s convection, as well as the associated MJO 627 

tropical-extratropical teleconnection (Fink and Speth 1997; Moon, Wang and Ha 2011) affecting MJO-628 

AR connections over the North Pacific and their lifecycle characteristics (Figs. 4, 5 and 6). MJO 629 

convection over the western (phase 7, Fig. 4f) and central (phase 8, Fig. 4g) Pacific is shifted eastward 630 

and is enhanced in EN, influencing the development of the MJO teleconnection pattern associated with 631 

North Pacific ARs. The MJO teleconnection is triggered east of 180° in MJOENphases7+8, propagating 632 

towards western subtropical North America (Fig. 5a). In MJOENphase1, the MJO teleconnection 633 

strengthens as it propagates towards extratropical North America (Fig. 4h), probably related to delayed 634 

MJO teleconnection signals triggered from the enhanced MJO convection in MJOENphase8 (Fig. 4g). 635 

As the MJO convection and teleconnection shift to the east, the upper-level cyclonic flow associated 636 

with increased AR activity appears along the western North American coast, persisting until 637 

MJOENphase1. Maximum AR frequency increases in MJOENphase6-8 and is shifted to the east (Fig. 4e-638 

g), over regions not influenced by the isolated effect of EN and MJO (Fig. 4a-c). Although the 639 

teleconnection pattern weakens in MJOENphase7-8 (Tseng, Maloney and Barnes 2020), the slower MJO 640 

eastward propagation in MJOENphases6-8 (Wei and Ren 2019) allows the anomalous IVT cyclonic flow 641 

to be established over the subtropical northeastern Pacific, with a northeastward IVT component coupled 642 

to the enhanced MJO convection over the western (MJOENphase7, Fig. 4f) and central (MJOENphase8, 643 

Fig. 4g) Pacific, supporting increased AR activity.  644 
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Moreover, the EN background increases the number of North Pacific AR events per day, their 645 

lifetime, and mean intensity from MJO phases 6 through 8 (Fig. 5d-f), the number of MJO active days 646 

and AR origins in phases 8-1, besides delaying the peak of ARs making landfall over North America 647 

from phase 7 to phase 8 (Fig. 6). Hence, positive precipitation anomalies (Fig. 7) and increased 648 

frequency of extreme rainfall events (Fig. 8) related to landfalling ARs over western North America are 649 

more to the east and also peak later, lasting from MJOENphase8 to MJOENphase1. The main conclusions 650 

explained above are meaningful since they have potential to improve subseasonal predictions of North 651 

Pacific ARs when EN and MJO are active. Results may also provide a reference for evaluating the 652 

ability of subseasonal to seasonal models to simulate MJO-AR rainfall over North America under the 653 

EN state and yield a process-based diagnosis for model biases. 654 

The conclusions described here are based on the Guan and Waliser (2019) approach, which has 655 

shown improved detection/tracking sensitivity (Guan and Waliser 2019) with respect to older tracking 656 

algorithms (Sellars et al. 2017; Zhou, Kim and Guan 2018). Also, although ENSO-AR connections over 657 

the North Pacific agree with findings from previous studies (Mundhenk, Barnes and Maloney 2016; 658 

Kim, Zhou and Alexander 2017; Patricola et al. 2020; Zhou et al. 2021), the strongest MJO-AR 659 

connections corroborate those shown by Payne and Magnusdottir (2014), Guan and Waliser (2015) and 660 

Mundhenk, Barnes and Maloney (2016) but differ of those in Zhou, Kim and Waliser (2021) and Zhou 661 

et al. (2021). Even if results show here display similar features observed in Zhou, Kim and Waliser 662 

(2021) and Zhou et al. (2021), for example, changes in AR origin frequency over eastern Asia associated 663 

with a Gill-type response to MJO forcing (Gill 1980; Bao and Hartmann 2014), and the propagation of 664 

ARs aligned with the circulation of the MJO teleconnection, the most significant MJO impacts on AR 665 

activity over the northeastern Pacific shift one MJO phase later (3-4, 7-8), a topic which deserves further 666 

investigation. 667 

Additional ongoing research is focused on whether the LN background (Fig. 2e,g), which favors 668 

MJO tropical-extratropical teleconnections in MJO phases 3-4 (Tseng, Maloney and Barnes 2020), may 669 

support more ARs making landfall and impacting the extratropical North American rainfall in these 670 

MJO phases through increased AR activity and anomalous eastward IVT over the northern flank of the 671 

North Pacific anticyclonic flow (Fig. 3c-d). 672 
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