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Abstract. Research in the last decades revealed that rapidly ascending airstreams in extratropical cyclones — so-called warm
conveyor belts (WCBs) — play an important role in extratropical atmospheric dynamics. However on the subseasonal time
scale, the modulation of their occurrence frequency, henceforth referred to as WCB activity, has so far received little attention.
Also, it is not yet clear whether WCB activity may affect tropospheric teleconnection patterns, which constitute a source of
predictability on this subseasonal time scale. Using reanalysis data, this study analyzes the modulation of WCB activity by the
Madden-Julian Oscillation (MJO). A key-finding is that WCB activity increases significantly over the western North Pacific
when the convection of the MJO is located over the Indian Ocean. This increased WCB activity, which is stronger during
La Nifa conditions, is related to enhanced poleward moisture fluxes driven by the circulation of subtropical Rossby gyres
associated with the MJO. In contrast, when the convection of the MJO is located over the western North Pacific, WCB activity
increases significantly over the eastern North Pacific. This increase stems from a southward shift and eastward extension of
the North Pacific jet stream. However, while these mean increases are significant, individual MJO events exhibit substantial
variability, with some events even exhibiting anomalously low WCB activity. Individual events of the same MJO phase with
anomalously low WCB activity over the North Pacific tend to be followed by the known canonical teleconnection patterns
in the Atlantic-European region, i.e., the occurrence frequency of the positive phase of the North Atlantic Oscillation (NAO)
is enhanced when convection of the MJO is located over the Indian Ocean, and similarly for the negative phase of the NAO
when MJO convection is over the western North Pacific. However, the canonical teleconnection patterns are modified when
individual events of the same MJO phase are accompanied by anomalously high WCB activity over the North Pacific. In
particular, the link between MJO and the negative phase of the NAO weakens considerably. Reanalysis data and experiments
with an idealized general circulation model reveal that this is related to anomalous ridge building over western North America
favoured by enhanced WCB activity. Overall, our study highlights the potential role of WCBs in shaping tropical-extratropical
teleconnection patterns and underlines the importance of representing them adequately in numerical weather prediction models

in order to fully exploit the sources of predictability emerging from the tropics.
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1 Introduction

The dominant mode of tropical intraseasonal variability with a period of 30-90 days is the Madden-Julian Oscillation (MJO;
Madden and Julian, 1971; Zhang, 2005). The MJO is characterized by coupled atmospheric circulation and convection anoma-
lies that propagate eastward across the tropical Indian and Pacific Oceans. Due to the strong diabatic heating anomalies associ-
ated with the convection, the MJO does not only generate a strong response in the tropics but also in the mid to high latitudes.
During boreal winter, the influence of tropical heating on the extratropical circulation has long been noticed as teleconnection
patterns (Wallace and Gutzler, 1981) and interpreted in terms of barotropic Rossby wave dispersion (Hoskins and Karoly,
1981). These teleconnection patterns are most pronounced when the convective activity of the MJO is located west of the
dateline (Simmons et al., 1983; Stan et al., 2017). During phases with active convection over the Indian Ocean (phases 2 and 3
according to the Real-Time Multivariate MJO Index; Wheeler and Hendon, 2004), the teleconnection pattern is characterized
by an upper-tropospheric anticyclonic anomaly over the central North Pacific (e.g., Knutson and Weickmann, 1987; Moore
et al., 2010; Tseng et al., 2019). This anticyclonic anomaly marks the beginning of a low-frequency anomalous Rossby wave
train. It stretches across North America towards the North Atlantic where it eventually favours the conditions of the positive
phase of the North Atlantic Oscillation (NAO) roughly 1-2 weeks later through anticyclonic synoptic-scale wave breaking
events (e.g., Benedict et al., 2004; Cassou, 2008; Lin et al., 2009; Michel and Riviere, 2011). Conversely, MJO phases with
active convection over the western to central North Pacific (phases 6 and 7) are characterized by a cyclonic anomaly over the
central North Pacific and an anticyclonic anomaly over western North America (Knutson and Weickmann, 1987; Moore et al.,
2010). The anticyclonic anomaly may become stationary and form a blocking anticyclone (Henderson et al., 2016). Further
downstream, there is an increased occurrence frequency of the negative phase of the NAO. However, the physical processes
linking the MJO and the negative phase of the NAO are still not fully understood (Cassou, 2008; Lin et al., 2009; Jiang et al.,
2017; Fromang and Riviere, 2020).

In contrast to early studies that mostly focused on large-scale teleconnection patterns forced by the heating of the MJO,
recent studies have started to examine the MJO influence on midlatitude weather systems such as extratropical cyclones (Deng
and Jiang, 2011; Lee and Lim, 2012; Takahashi and Shirooka, 2014; Guo et al., 2017) or atmospheric rivers (ARs; Guan et al.,
2012; Mundhenk et al., 2016; Zhou et al., 2021). For the North Pacific, these studies found a dipole of enhanced and suppressed
cyclone and AR activity propagating northeastward as the convection of the MJO moves from the eastern Indian Ocean to the
western-central Pacific. During phases with enhanced convection over the Indian Ocean the cyclone and AR activity tend to
be enhanced over the far western North Pacific and suppressed over the central to eastern North Pacific. On the other hand,
later stages of an MJO lifecycle with enhanced convection over the western to central Pacific are characterized by suppressed
cyclone and AR activity over the western North Pacific and enhanced cyclone and AR activity over the eastern North Pacific.
The variations in cyclone activity can be largely attributed to changes in the mean flow associated with the MJO (Guo et al.,
2017). Enhanced cyclone activity is often accompanied by a stronger extratropical upper-tropospheric jet, while a reduced
cyclone activity can be linked to a weakened jet. Further, the MJO is linked to moisture variations that extend to the extratropics

over the western and central North Pacific. As increased moisture supply can invigorate midlatitude cyclones through enhanced
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diabatic heating in the rising warm air ahead of the cyclones (Binder et al., 2016), Guo et al. (2017) hypothesized that moisture
variations related to the MJO need to be considered in order to explain the observed variations in cyclone activity.

A weather system that has not yet been linked to the MJO, but is related to the occurrence of extratropical cyclones and
atmospheric rivers, is the so-called warm conveyor belt (Browning et al., 1973; Harrold, 1973; Carlson, 1980). Warm conveyor
belts (WCBs) are rapidly, mostly poleward ascending airstreams within extratropical cyclonic systems (Madonna et al., 2014).
These airstreams, which are typically identified as coherent bundles of kinematic air parcel trajectories (Wernli and Davies,
1997), have their origin in the boundary layer in the warm sector of extratropical cyclones. From there, they ascend, typically
across the cyclones’ warm front, and reach the upper troposphere within two days. The modulation of their activity is of
interest for two reasons. First, WCBs are dominant contributors to the mean and extreme extratropical rainfall (Pfahl et al.,
2014). For example, around 50% of the total precipitation and 80% of extreme precipitation events over East Asia are associated
with WCBs. Thus, advance notice of periods with unusually high (and low) WCB activity may help economic sectors such
as agriculture, energy production, resource management, and insurances to prepare for anomalously wet (or dry) conditions.
Second, WCBs have a major effect on the dynamics (e.g., Wernli and Davies, 1997; Pomroy and Thorpe, 2000; Grams et al.,
2011; Binder et al., 2016) and predictability of the atmosphere (e.g., Lamberson et al., 2016; Martinez-Alvarado et al., 2016;
Grams et al., 2018; Maddison et al., 2019; Pickl et al.). For instance, the latent heat release in WCBs contributes to the
intensification of extratropical cyclones (Binder et al., 2016). Thus, a modulation of lower-tropospheric moisture by the MJO,
as shown by Guo et al. (2017), may increase the latent heat release, which then affects the cyclone intensity. The latent
heat release also leads to a cross-isentropic transport of lower tropospheric air into the upper troposphere. This injection and
its associated upper-tropospheric divergent outflow can contribute to the amplification of upper-tropospheric ridges (Pomroy
and Thorpe, 2000; Grams et al., 2011), trigger the development of baroclinic Rossby wave packets (Rothlisberger et al.,
2018), and affect the onset and maintenance of potentially long-lasting blocking anticyclones (Pfahl et al., 2015; Steinfeld and
Pfahl, 2019). Accordingly, periods with enhanced WCB activity may project onto long-lasting circulation anomalies and thus
modulate teleconnection patterns typically attributed to the heating of the MJO.

The three central questions of this study therefore are
— In what way is WCB activity modulated by the MJO?
— How is the WCB modulation linked to circulation anomalies associated with the MJO?

— How does a potential modulation of WCB activity interact with known teleconnection patterns towards North America

and Europe?

The data and methods to address these questions are introduced in Sect. 2. In Sect. 3, we show the modulation of WCB
activity conditioned on the MJO phase, its relation to the state of the El Nifio Southern Oscillation, and highlight how the
modulation of WCB activity is linked to circulation anomalies associated with the MJO. The link between WCB activity and

known teleconnection patterns is discussed thereafter. The study ends with a concluding discussion in Sect. 4.
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2 Data and Methods
2.1 ERA-Interim data set

The majority of the results in this study are based on ECMWF’s Interim reanalysis data (ERA-Interim, Dee et al., 2011) for the
Northern Hemisphere extended winter NDJFM in the period from 1 November 1979 to 31 March 2018. Although ECMWEF’s
ERAS data (Hersbach et al., 2020) were already available when this work was carried out, we choose ERA-Interim reanalyses
because the computationally expensive trajectory-based WCB data had already been calculated on the basis of ERA-Interim
(Madonna et al., 2014; Sprenger et al., 2017), see also Sect. 2.2. The reanalysis data are retrieved 6-hourly at all available model
levels and at a selection of pressure levels (1000, 925, 850, 700, 500, 300, and 200 hPa), which are necessary to objectively
identify WCBs with two different approaches (see Sect. 2.2 and 2.3). All ERA-Interim data are remapped from their native
T255 spectral resolution to a regular latitude-longitude grid spacing of 1°x1°. Composites of different atmospheric variables
and their anomalies are also based on ERA-Interim at the same temporal and spatial resolution. All anomalies shown in this

study are relative to a 30-day running mean climatology calculated over the same period 1979 to 2018.
2.2 Trajectory-based WCB data set

The trajectory-based WCB data set of Madonna et al. (2014) and Sprenger et al. (2017) is based on 48-h kinematic forward
trajectories computed with the LAGRangian ANalysis TOol (LAGRANTO; Wernli and Davies, 1997; Sprenger and Wernli,
2015) from the horizontal and vertical wind components on all available model levels in ERA-Interim. The seeding points
of the trajectories are on a global 80 kmx80km equidistant grid in the horizontal and vertically every 20 hPa from 1050 to
790 hPa if the corresponding pressure level is located above the Earth’s surface. After calculating the forward trajectories
from all seeding points, WCBs are defined as all trajectories that ascend by at least 600 hPa in 48 h and are collocated with
an extratropical cyclone mask, taken as the outermost closed contour around local sea-level pressure minima (Wernli and
Schwierz, 2000), at least once during the 48-h period. To avoid the inclusion of rapidly ascending trajectories related to tropical
cyclones, all cyclones between 25°S and 25°N are excluded. Instead of analysing the raw trajectories, we focus in this study
on two-dimensional and binary WCBs masks, which are obtained by binning all identified WCB parcel locations at a given
time into three vertical layers following the definition of Schifler et al. (2014). WCB inflow includes the air parcels located
below 800 hPa, ascent refers to all air parcels between 800 and 400 hPa, and outflow includes all air parcels above 400 hPa.
The binary masks are obtained by gridding air parcel locations in each of the two layers on a regular 1° x 1°latitude-longitude
grid. Grid points without/with a WCB air parcel are labelled as 0/1 yielding two-dimensional binary footprints for each of the

three layers, which are henceforth referred to as the WCB stages inflow, ascent, and outflow.
2.3 Deep learning-based WCB data set

In addition to the trajectory-based data set, we employ a deep learning-based WCB data set, which is derived with the method-

ology introduced by Quinting and Grams (2022). The intention is to provide a baseline for addressing the overarching questions
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raised in Sect. 1 in data sets that do not easily allow trajectory calculations in future studies. These could be hindcasts from the
subseasonal to seasonal prediction project (Vitart et al., 2017) or climate model projections (Eyring et al., 2016). The results
based on the deep learning-based data set can thus serve as a reference for such future studies.

In short, Quinting and Grams (2022) developed separate convolutional neural network (CNN) models with variants of the
UNet architecture (Ronneberger et al., 2015) for each of the three WCB stages. The CNN models take five atmospheric vari-
ables as predictors and provide conditional probabilities of occurrence for each WCB stage as output. Four of the predictors,
which are characteristic for each of the WCB stages (Quinting and Grams, 2021), are derived from temperature, geopotential
height, specific humidity and the horizontal wind components at the 1000, 925, 850, 700, 500, 300, and 200 hPa isobaric sur-
faces. The climatological occurrence frequency distribution determined with the trajectory-based data set is the fifth predictor
for WCB ascent. In contrast, the fifth predictor for WCB inflow/outflow is the conditional probability of WCB ascent predicted
by the CNN models 24 hours later/earlier than the corresponding inflow/outflow time. The conditional probabilities predicted
by the CNNs are converted to two-dimensional binary footprints for each of the WCB stages by applying grid point specific

decision thresholds. For more details on the methodology, the interested reader is referred to Quinting and Grams (2022).
2.4 Madden-Julian Oscillation

Composites are created for different MJO phases using the Real-time Multivariate MJO (RMM) indices of Wheeler and Hen-
don (2004, http://www.bom.gov.au/climate/mjo/), where each of in total eight phases represents the approximate longitudinal
location of enhanced and suppressed MJO convection anomalies. The two RMM indices, known as RMM1 and RMM?2, are
derived from the two empirical orthogonal functions of near-equatorially averaged zonal wind at 850 and 200 hPa and outgoing
longwave radiation anomalies. The phase of the MJO is then defined by assigning the angle tan~!(RMM2/RMM 1) to the near-
est of the 8 quadrants in the RMM1-RMM2 phase space. In this study, a particular focus is given to phases 2, 3, 6, and 7 since,
after these phases, the modulation of midlatitude weather systems is strongest (Deng and Jiang, 2011; Zhou et al., 2021) and
the large-scale teleconnection patterns are most pronounced (e.g., Cassou, 2008; Lin et al., 2009; Tseng et al., 2019). Phases 2
and 3 are associated with enhanced MJO convection over the eastern Indian Ocean and suppressed convection over the western
to central Pacific. Conversely, phases 6 and 7 represent suppressed convection over the eastern Indian Ocean and enhanced
convection over the western to central Pacific. In line with previous studies (e.g., Henderson et al., 2016; Vitart et al., 2017),

we only consider active MJO phases, i.e., phases when the so-called RMM index amplitude \/ RMM1? + RMM2? of the MJO

is greater than 1. Anomalies associated with the different MJO phases are shown as pentad means (i.e., 5-day averages). Pentad
0 indicates the average of days 0—4 following each day in the considered period with an RMM index amplitude greater than 1,

pentad 1 corresponds to days 5-9, and so on.
2.5 El Niiio Southern Oscillation

As the state of the El Nifio Southern Oscillation (ENSO) alters the extratropical response to the MJO (Lee et al., 2019), we
further condition MJO-relative composites on the state of ENSO. Its conditions are characterized by the Oceanic Nifio Index

(ONI), which is based on detrended 3-month running mean sea surface temperature anomalies in the Nifio 3.4 region extending
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from 170°W to 120°W and 5°S to 5°N. The sea surface temperature data are taken from Huang et al. (2017). La Nifia/El Nifio
conditions of ENSO are defined as those months when the respective ONI is below —0.5/above 0.5 standard deviations of the

monthly mean climatologies.
2.6 Atlantic-European weather regimes

To investigate potential changes of MJO-extratropical teleconnection patterns towards Europe, four Atlantic-European weather
regimes originally introduced by Vautard (1990) are identified. The regimes are based on 500-hPa geopotential height fields
from ERA-Interim following the procedure of Grams et al. (2017). In a first step, six-hourly geopotential height anomalies
are calculated relative to a centered 91-day running mean calendar date climatology. Second, the anomalies are filtered with a
five-day low-pass filter and seasonally normalized. We then calculate the seven leading empirical orthogonal functions of the
filtered anomalies for the region 80°W to 40°E and 30°to 90°N, which explain roughly 70% of the total variance. A fuzzy
clustering applied to the anomalies then yields four clusters representing four weather regimes. With a focus of this study being
on extended winter, only four instead of the year-round seven regimes introduced by Grams et al. (2017) are considered. In
a final step, the instantaneous normalized filtered anomalies are projected onto the weather regime mean anomalies following
the method of Michel and Riviere (2011), which yields a non-dimensional regime index. For each time step, an active weather
regime is then defined based on the maximum value of the non-dimensional regime index. Following Cassou (2008), the four

regimes are named NAO+, NAO-, Scandinavian blocking, and Atlantic ridge.
2.7 Statistical significance and robustness

We determine the statistical significance of the results via a Monte-Carlo approach. For each MJO phase, consecutive days
when the RMM index amplitude exceeds 1 are defined as one MJO event. Based on these MJO events, we randomly generate
1000 series of dates that include the same number of events with each of the events having the same duration as in the original
MJO time series. By doing so we account for the autocorrelation of the MJO time series. The dates are composed of a randomly
chosen year from the period 1979 to 2018 and a randomly chosen day from a 14-day period around the corresponding date
in the original MJO time series. By choosing the day from a 14-day window around the dates of the original MJO time series
we account for seasonal variability in the random series of dates. From the 1000 series of dates we create 1000 composites of
anomalies and determine their 5% and 95% percentiles. Anomalies of the MJO-based composites that either exceed the 95%
percentile or fall below the 5% percentile are considered as statistically significant. Further, we assess the robustness of the
MJO-based composites by resampling the original MJO time series for each phase 1000 times with replacement (Domeisen
et al., 2020). As for the significance testing, entire MJO events are considered in order to account for the autocorrelation of the
MJO time series. The interdecile range (between the 10 and 90% percentiles) of the randomized composites yields information
on the variability in the MJO-based composites. The MJO-based composite is considered as robust when the interdecile range
of the 1000 randomly sampled composite anomalies is smaller than the MJO-based composite anomalies. For composite

anomalies conditioned on the state of ENSO the same approaches are employed.
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2.8 Nonlinear baroclinic primitive equation model and diabatic heating

To better understand the potential role of diabatic heating associated with WCBs for MJO-extratropical teleconnections, we
employ a nonlinear baroclinic primitive equation model, previously used by Chang (2006, 2009) and Zheng and Chang (2019).
This dry-dynamical model is based on the dynamical core of the Geophysical Fluid Dynamics Laboratory global spectral
model (Held and Suarez, 1994). We run the model with 20 evenly spaced sigma levels in the vertical and a spectral resolution
of T42 (~2.8°). Orography is smoothed to model resolution and a land-sea mask is used with stronger friction over land. The
only other forcing is Newtonian cooling to a radiative equilibrium temperature profile. This fixed cooling profile is iteratively
determined (see Chang, 2006, 2009) so that the model climatology, in terms of the 3-D mean temperature distribution, is close
to the winter climatology derived based on reanalysis data. As discussed in Chang (2009), the model not only simulates the
mean circulation well, but also provides a reasonable simulation of the winter Northern Hemisphere storm track.

As in Zheng and Chang (2019) heating anomalies have been added into the idealized setup to investigate the extratropical
response to tropical heating anomalies during certain MJO phases and to extratropical heating anomalies mostly related to syn-
optic eddies. The imposed heating mimics the diabatic heating derived from ERA-Interim precipitation anomalies. Anomalies
are calculated relative to a 30-d running mean climatology and averaged over 5 days following each MJO phase. The tropical
heating covers all longitudes and a latitudinal belt between 20°S to 20°N. The extratropical heating is imposed at all longi-
tudes, but poleward of 20°N/S. By applying heating in all areas with positive precipitation anomalies, we intend to represent
the heating anomalies as realistically as possible rather than focusing only on the region of the active MJO. The anomalous
heating extends from sigma = 0.8 to sigma = 0.3 (roughly 800 to 300 hPa), such that the vertically integrated heating rate
corresponds to the precipitation anomalies derived from ERA-Interim data.

A critical aspect is to ensure statistical significance of the model experiments. Therefore, we run the model with 100 ensem-
ble members. To generate the initial condition for the ensemble members, we run the model for 3,000 days without additional
anomalous heating imposed. Then all the model states from day 30 on at 30-day intervals are taken as the initial conditions of
the ensemble members. After that, we run the model ensembles out to 15 days with the anomalous heating added only during

the first five days of each model run and switched off afterwards.

3 Results
3.1 Modulation of WCB activity by the MJO

The modulation of WCB activity as determined with the trajectory-based approach (Sect. 2.2) is initially investigated for a time
lag of 0—4 days (pentad 0) after each day with active MJO. We first focus on MJO phases 2, 3, 6, and 7, which are followed by
significant changes in the frequency of other midlatitude synoptic weather systems such as atmospheric rivers or extratropical
cyclones (e.g., Moore et al., 2010; Guo et al., 2017; Zhou et al., 2021). We focus on the WCB inflow and outflow stages though

qualitatively similar results are found for WCB ascent.
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Over the North Pacific, the composites reveal a dipole of positive and negative WCB inflow and outflow frequency anomalies
which reverse sign from phases 2 and 3 to phases 6 and 7 (Fig. 1). This dipole is consistent with previous studies that have
looked at the relationship between the MJO and North Pacific storm-track activity in terms of band-pass-filtered statistics (Deng
and Jiang, 2011; Takahashi and Shirooka, 2014) or cyclone activity (Guo et al., 2017). In pentad O of phases 2 and 3, the WCB
inflow frequency is significantly enhanced over the western North Pacific (120°to 170°E) and reduced over the central to eastern
North Pacific (east of 170°E) (Figs. 1a and d). The enhanced inflow frequency anomalies occur in the equatorward entrance
region of the North Pacific jet (Fig. 1c), a region of quasi-geostrophic forcing of ascent. The corresponding WCB outflow
anomalies, which are particularly pronounced in phase 3, are located northeast of the main WCB inflow regions (Figs. 1b and e)
and in the exit region of the North Pacific jet. Collocated with and downstream of the anomalous positive WCB outflow regions
is a positive geopotential height anomaly centered on the date line (Figs. 1c and f). This corresponds to the well-known MJO-
midlatitude teleconnection pattern (e.g., Moore et al., 2010; Vitart et al., 2017). Overall, the relative location of WCB inflow,
outflow, and geopotential height anomalies in pentad O of phases 2 and 3 corresponds to the conceptual picture of predominantly
poleward ascending WCBs whose outflow is directed downstream into upper-tropospheric anticyclonic anomalies.

The WCB inflow and outflow frequency anomalies change sign in pentad 0 of MJO phases 6 and 7 (Figs. 1g,h,j.k). WCB
inflow and outflow are suppressed over the western to central North Pacific (120°E to 180°E) and significantly enhanced in
the exit region of an eastward extended jet over the eastern North Pacific (Figs. 1i and 1). Positive WCB outflow anomalies
cover large parts of the eastern North Pacific and reach poleward towards the high latitudes (Figs. 1h and k). In pentad 0
of phase 7, the enhanced WCB inflow and outflow activity is linked to a dipole pattern in geopotential height with below
average geopotential over the central North Pacific and anomalously high geopotential over western North America (Fig. 11).
This again corresponds to a teleconnection pattern that has been documented in previous studies (e.g., Vitart et al., 2017).
The enhanced WCB inflow activity southeast of a negative geopotential height anomaly is likely due to a jet extension, which
enhances baroclinic instability in this region and thus increases the frequency and/or intensity of extratropical cyclones (Moore
et al., 2010; Wang et al., 2018). The collocation of positive WCB outflow frequency anomalies and positive geopotential height
anomalies over western North America after phase 7 indicates a possible contribution of cross-isentropically ascending air and
divergent outflow to the amplitude of the geopotential height anomaly.

After all four phases considered here, the WCB activity exhibits weak but locally significant anomalies also over the North
Atlantic. Pentad 0 of MJO phases 2 and 3 tends to be associated with enhanced WCB outflow activity (Figs. 1b,e). This is
in line with an increased frequency of NAO+ after phases 2 and 3 (Cassou, 2008; Lin et al., 2009), which generally tends
to enhance the North Atlantic extratropical cyclone frequency (Serreze et al., 1997; Pinto et al., 2009) and the WCB activity
(Eckhardt et al., 2004), accordingly. In contrast, the increased frequency of NAO— acts to reduce cyclone activity (Pinto et al.,
2009), which is reflected by below average WCB outflow activity after MJO phases 6 and 7 (Figs. 1h and k).

So far, the WCB activity was analysed with the trajectory-based data set. Qualitatively and quantitatively similar results are
found with the CNN-based WCB data (Sect. 2.3), see Fig. 2. WCB inflow and outflow activity is anomalously high over the
western to central Pacific and anomalously low over the eastern North Pacific during MJO phases 2 and 3 (Figs. 2a—d). A dipole

of opposite anomalies is found over the North Pacific during MJO phases 6 and 7 (Figs. 2e-h). Also for the North Atlantic,
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the WCB frequency anomalies are qualitatively the same with enhanced WCB activity after MJO phases 2-3 and suppressed
WCB activity after phases 6—7. Only after MJO phases 2 and 6 do the outflow anomalies show a greater amplitude. We attribute
this to the fact that the CNN models do not explicitly match WCB candidates with extratropical cyclone masks (Quinting and
Grams, 2022) which the trajectory approach does (Madonna et al., 2014). Accordingly, the CNN models may identify also
some WCB outflow objects that do not overlap with a cyclone mask and are therefore filtered out in the trajectory-based WCB
data set. Still, due to the overall agreement of the composites obtained with the two methods, the CNN-based approach seems
to be a suitable and computational inexpensive diagnostic, which we employ for the remaining analyses in this study. The main
reason is that the modulations of WCB activity shown here will serve as a baseline for the evaluation of subseasonal hindcast
data in a follow-up study.

We expand our analysis to all MJO phases by focusing on two sub-regions over the North Pacific, where the modulation
of WCB inflow frequency is most pronounced. The first sub-region (dashed polygon in Figs. 2a,c,e,g) extends from 120 to
170°E and 20 to 45°N over the western North Pacific, and the second sub-region (solid polygon in Figs. 2a,c,e,g) extends from
170°E to 140°W and 20 to 45°N over the central to eastern North Pacific. The area-weighted mean anomalies of WCB inflow
frequency, their statistical significance, and their robustness are shown in Fig. 3. For the western North Pacific, two coherent
structures of above and below normal WCB inflow activity are found (Fig. 3a). WCB inflow activity is enhanced during days
following phases 2—4 and reduced during days following phases 6—8. The anomalies are continuously significant and robust
for up to 10 days which is considerably longer than the typical duration of a single MJO phase of 5-6 days. Accordingly, the
modulations of WCB inflow frequency are similar for about two consecutive MJO phases. Two coherent structures of above and
below normal WCB inflow activity are also found over the central to eastern North Pacific but with opposite signs (Fig. 3b).
Though the amplitude of the anomalies is generally weaker due to an overall lower climatological occurrence frequency in
this region (cf. Fig. 2), the modulations are still partly significant and robust with below normal WCB inflow activity after
phases 2—-3 and above normal WCB inflow activity after phases 5-7. Over this region, the only phases that are not followed by

significant anomalies in WCB inflow activity are MJO phases 1 and 4.
3.2 Modulation of WCB activity by the MJO conditioned on ENSO

Though the MJO is the dominant mode of tropical intraseasonal convective variability, its effect on midlatitude weather may
be significantly modulated by even slower evolving climate modes such as ENSO (e.g., Lee et al., 2019; Arcodia et al., 2020).
Accordingly, we further analyse the modulation of WCB activity conditioned on positive and negative phases of the monthly
ENSO indices, again focusing on the two sub-regions over the western and central to eastern North Pacific.

Generally speaking for the western North Pacific, El Nifio conditions during inactive MJO are associated with weakly
suppressed WCB inflow activity (RMM phase 0 in Fig. 4a) and La Nifia conditions during inactive MJO with slightly enhanced
WCB inflow activity (RMM phase 0 in Fig. 4c). Still, the general patterns of WCB inflow frequency anomalies under the
different ENSO conditions are qualitatively similar to the pattern for all MJO events (Fig. 3a). The most notable difference
during El Nifio conditions is that positive WCB inflow frequency anomalies over the western North Pacific are weaker and less

persistent (Fig. 4a) than during all MJO days (Fig. 3a). Conversely, the negative WCB inflow frequency anomalies following
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MJO phases 68 are more pronounced. During La Nifia, the generally enhanced WCB inflow activity leads to strong positive
anomalies after phases 2—4 and slightly weaker negative anomalies after phases 68 (Fig. 4c). In particular, the marked increase
of WCB activity during La Nifia is in line with anomalously wet conditions (Moon et al., 2011) and an enhanced synoptic
activity (Takahashi and Shirooka, 2014) in the same region.

For the sub-region over the central to eastern North Pacific, El Nifio conditions are characterized by a significant suppression
of WCB inflow activity (RMM phase 0 in Fig. 4b). Accordingly, negative frequency anomalies after phases 2—4 exhibit a
higher amplitude and the significant increase following MJO phases 6—8 does not occur any longer. This increase, however, is
significantly enhanced during La Nifia due to a generally enhanced WCB inflow activity over the eastern North Pacific (RMM
phase O in Fig. 4d).

In summary, MJO related WCB activity anomalies over the North Pacific are suppressed during El Nifio and enhanced
during La Nifia. Accordingly, the modulation of WCB activity by the MJO is primarily linearly influenced by ENSO as can be
seen by mostly negative values in Fig. 4e and f). This response is in line with previous studies establishing the link between

MJO, ENSO, and North Pacific storm track activity (Takahashi and Shirooka, 2014).
3.3 Intra-phase variability of WCB modulation

Upon analysis of the modulation of WCB activity by the MJO, we found a substantial intra-phase variability ranging from
pentads with substantially suppressed to pentads with greatly increased WCB activity (Fig. 5). In the following, we aim to
identify reasons for this intra-phase variability and to investigate the link of this intra-phase variability to tropical-extratropical
teleconnections (Sect. 3.4). We do so by first computing area-mean WCB inflow frequency anomalies in the sub-region over
the western Pacific (dashed polygon in Fig. 2) during pentad O of phases 2 and 3 and in the sub-region over the central to eastern
Pacific (solid polygon in Fig. 2) during pentad O of phases 6 and 7. The locations of the boxes are chosen such that they roughly
encompass the positive WCB inflow frequency anomalies discussed previously (Sect. 3.1). In line with the positive frequency
anomalies over the western Pacific during phases 2 and 3 (Fig. 2a and c¢) and over the eastern Pacific during phases 6 and 7
(Fig. 2e and g), the distributions of the area-mean WCB inflow frequency anomaly are skewed towards positive values (Figs. 5).
Still, there is a substantial variability with more than one third of the pentads exhibiting negative WCB inflow frequency
anomalies (dashed vertical lines in Fig. 5). For the analysis of the intra-phase variability, we differentiate between MJO events
with anomalously low and high WCB activity during pentad 0 by determining the lower and upper tercile of the WCB inflow
frequency anomalies (dashed vertical lines in Fig. 5). The lower terciles are consistently characterized by negative WCB inflow
frequency anomalies and the upper terciles only include pentads with above average WCB inflow frequency anomalies.

The inflow stage of WCBs is typically characterized by bands of high horizontal water vapor transport that supply moisture
to the base of the WCB (e.g., Wernli and Davies, 1997; Dacre et al., 2019).! Accordingly, the 850-hPa horizontal moisture
flux is an important predictor variable for the CNN models (Quinting and Grams, 2021, 2022). Further, WCB air masses

are located in regions of quasi-geostrophic forcing for ascent (Binder et al., 2016) which, according to the quasi-geostrophic

'Tt should be noted that the regions of high horizontal vapor transport are not necessarily atmospheric rivers: only 13% of all WCBs occur at the same

location and time as atmospheric rivers (Sodemann et al., 2020).
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omega equation, arises from warm thermal advection or cyclonic vorticity advection increasing with height (e.g., Davies,
2015). Accordingly, the 700-hPa thickness advection is another important predictor for WCB inflow. A diagnostic quantity that
combines the moisture flux and the thickness/thermal advection is the so-called baroclinic moisture flux B (McTaggart-Cowan
et al., 2017). Large values of B indicate regions in which the horizontal moisture flux is parallel to the horizontal temperature

gradient. In its integral form and using a fixed reference frame the baroclinic moisture flux is defined as

B =

Pt
Y <R25) VT -Vaqdp €))
gpJ o\ gp
Py
with the gravitational acceleration g, the density p, dry static stability o, the gas constant for dry air R, temperature T, pressure
p, the horizontal wind vector V, and specific humidity g. The vertical integration is performed between p, = 850 hPa and p, =
250 hPa. To establish a link between the anomalous WCB activity and circulation anomalies, in the following we investigate
composites of baroclinic moisture flux anomalies and 850-hPa moisture transport anomalies.

Pentad 0 of MJO phases 2 and 3 with high WCB inflow activity is associated with an anticyclonic circulation anomaly
and corresponding moisture flux anomalies over the subtropical western North Pacific (Figs. 6b and d). As the anticyclonic
anomaly is centered between 15°to 20° N, it likely reflects the anticyclonic Rossby gyre that forms in response to the diabatic
heating associated with the MJO (Matsuno, 1966; Gill, 1980; Kim et al., 2006; Jeong et al., 2008). The Rossby gyre induces
north- to northeastward directed moisture flux anomalies over East Asia and the western North Pacific, which strengthen the
climatological mean moisture flux in these regions (not shown). Most notably, the moisture flux anomalies are considerably
stronger than in phases with weak WCB activity (Figs. 6a and c). The north- to northeastward directed moisture flux anomalies
are collocated with a broad region of positive B anomalies, extending from east China to the central North Pacific. It is this
region which is also characterized by positive WCB inflow frequency anomalies. This clearly indicates that the increased
WCB inflow activity during phases 2 and 3 is related to stronger anticyclonic Rossby gyres which enhance northward directed
moisture flux along sloping isentropic surfaces. Once the air masses start to ascend and cool adiabatically, moist diabatic
processes further enhance the ascent frequency of WCBs.

Pentad 0 of MJO phases 6 and 7 is generally characterized by cyclonic circulation anomalies over the central to eastern North
Pacific (Figs. 6e-h) that act to strengthen the climatological mean moisture transport (not shown). In cases with suppressed
WCB inflow activity in this region, a weak cyclonic anomaly is centered at 45°N and 170°W (Figs. 6e and g). As the associated
moisture flux is directed parallel to the temperature gradient in this region (not shown), B is close to climatology. Pentad 0
with high WCB inflow activity is also characterized by a cyclonic anomaly over the central to eastern North Pacific (Figs. 6f).
However, the cyclonic anomaly is stronger and the circulation is centered further south at 40°N during phase 6 and at 30°N
during phase 7. As its circulation reaches into the subtropics with climatologically high moisture content (not shown), it is
accompanied by strong eastward and northward moisture fluxes on its southern and eastern flanks, respectively. The poleward
moisture fluxes are directed across the temperature gradient leading to positive B anomalies as well as enhanced WCB inflow

and ascent frequency (not shown). Rather surprisingly, positive WCB inflow frequency anomalies are also found on the western
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flank of the cyclonic anomaly in a region of weak negative B anomalies. Still, the positive frequency anomaly is located in a

region of near-normal and climatologically strong moisture flux, which provides moisture in the WCB inflow region.
3.4 Modulation of MJO—midlatitude teleconnections after phases with anomalous WCB activity

Due to the overall importance of WCBs for the midlatitude large-scale dynamics (see Sect. 1), we hypothesize that pentads
with anomalously low and high WCB activity during the same MJO phase as identified in Sect. 3.3 are followed by different
downstream teleconnection patterns. In a first step, we address this hypothesis with time-lagged composites of 500-hPa geopo-
tential height anomalies during pentad 1 (days 5-9) following MJO phases 2, 3, 6, and 7 with suppressed and enhanced WCB
activity. Pentad 1 is chosen here to allow enough time for the effect of the additional diabatic heating by WCBs to become
visible on the large scale.

For both low and high WCB activity over the western North Pacific during MJO phases 2 and 3, pentad 1 is characterized
by a positive height anomaly over the central North Pacific (Figs. 7a—d). Accordingly, the pattern is similar to that shown in
Figs. 1c and f. Still, after phases with high WCB inflow activity, the positive geopotential height anomalies are stronger and
extend further north (Figs. 7b and d). This suggests that WCB-related diabatic heating in conjunction with divergent outflow
and the net transport of lower-tropospheric low-PV air contributes to the amplitude of the anomalous anticyclonic anomaly.
The amplified positive geopotential height anomaly over the North Pacific during phases with high WCB activity seems to
have a comparably small effect on the downstream midlatitude flow over North America. Both phases with low and high WCB
activity tend to be followed by negative height anomalies over western North America and positive height anomalies over
eastern North America with slight variations in the latitudinal position. Except for events with high WCB activity after phase
2, anegative height anomaly over the North Atlantic projects on the positive NAO pattern. After phases 2 and 3 with low WCB
activity, a positive height anomaly over the Iberian peninsula indicates an eastward extension of the Azores high (Figs. 7a,c,d),
whereas a significant positive anomaly emerges over Scandinavia after phase 2 with high WCB activity (Fig. 7b).

To provide a more quantitative view on the differences over the North Atlantic and the European region depending on WCB
activity, we follow Cassou (2008) and determine the occurrence frequency changes of the four dominant Atlantic-European
weather regimes following MJO phases with suppressed and enhanced WCB activity. As indicated already by the composites
of geopotential height anomalies and in line with Cassou (2008), MJO phases 2 and 3 are in general followed by an increased
occurrence frequency of the NAO+ regime and the Scandinavian blocking regime (Fig. 8a). The occurrence frequency of
the Atlantic ridge and NAO- regime is significantly reduced. This canonical regime response can in general be seen following
phases 2 and 3 with pentads of both low and high WCB activity (Figs. 8b and ¢). However, the timing of the anomalous weather
regime occurrence frequency differs with WCB activity: the frequency of NAO+ is significantly enhanced after MJO phase 2
with pentads of low WCB activity but close to climatology after pentads with high WCB activity. Conversely, phase 3 with
pentads of low WCB activity is hardly followed by significant occurrence frequency changes of NAO+ but pentads with high
WCB activity are characterized by a significant increase of NAO+. A remarkable change of preferred regime occurrence occurs
after phase 2: Though the occurrence frequency of Scandinavian blocking is close to climatology after phase 2 with pentads

of low WCB activity and the canonically expected NAO+ response is most frequent, Scandinavian blocking is significantly
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enhanced after MJO pentads with high WCB activity and NAO+ close to climatology. This coincides well with the positive
geopotential height anomaly over Scandinavia after phase 2 with high WCB activity (Fig. 7b). Thus modulated WCB activity
in the western North Pacific following phase 2 goes along with a marked shift in the regime response over Europe.

After MJO phases 6 and 7, whether the well-known canonical teleconnection pattern is established or not depends strongly
on the WCB activity over the eastern North Pacific. Pentad 1 after phases 6 and 7 with low WCB activity is characterized by a
negative geopotential height anomaly over the central North Pacific (Figs. 7e and g). Though this anomaly coincides with the
canonical teleconnection pattern (Fig. 1), the typical ridge building over western North America does not occur in case of low
WCB activity. Instead, the geopotential height is close to the climatological mean. Focusing on phases with high WCB activity,
the teleconnection pattern differs markedly (Figs. 7f and h). Both MJO phases 6 and 7 are now associated with a negative
geopotential height anomaly over the central Pacific, which is located further south than the negative anomaly during periods
with weak WCB inflow activity. Accordingly, the North Pacific jet extends eastward and is shifted southward compared to the
climatological mean (not shown). Most importantly, the anomalously high WCB activity is associated with a highly amplified
ridge over western North America, which even extends into the high latitudes. The eastern flank of the ridge is followed
by a negative geopotential height anomaly over central to eastern North America indicating downstream development. The
observed differences between pentads of low and high WCB activity are not limited to the North Pacific and North America.
The canonical relationship to European weather regimes does strongly depend on the WCB activity in the considered region
because only if this activity is low the known response establishes (cf. Figs. 8a and b). This canonical relationship between
MIJO phases 6 and 7 and European weather regimes weakens considerably when these phases are associated with pentads of
high WCB activity (Fig. 8c). Neither the occurrence frequency of the Atlantic ridge regime nor that of Scandinavian blocking is
significantly enhanced following MJO phase 6 with pentads of high activity. Also the occurrence frequency of NAO- following
MIJO phase 7 with pentads of high activity is not significantly enhanced. These results suggest that differences in WCB activity

can significantly modify the extratropical teleconnections forced by tropical heating associated with the MJO.
3.5 Modulation of MJO-extratropical teleconnections in an idealized general circulation model

The reanalysis-based investigations indicate a potential modulation of MJO-midlatitude teleconnections depending on the
WCB activity. This is likely due to the latent heat being released during WCB ascent, in addition to the tropical forcing imposed
by the MJO. To theoretically underpin the statistical findings based on reanalyses, we evaluate experiments performed with the
idealized general circulation model. Separate simulations are conducted for MJO phases 2, 3, 6, 7 with heating rates mimicking
the diabatic heating derived from global ERA-Interim precipitation anomalies averaged over pentad O (see Sect. 2.8). Due to
this averaging, the heating exhibits a longer temporal scale and a smaller amplitude than that associated with actual WCBs. In
ERA-Interim, the precipitation anomalies and accordingly the magnitude of the heating clearly differ over the North Pacific
with increased (decreased) precipitation after pentads with high (low) WCB activity (Figs. S5-S8). In the following, we focus
only on MJO phases 2 and 6, though qualitatively similar results are found for phases 3 and 7.

Overall, the patterns of the geopotential height anomalies qualitatively resemble those found in reanalysis data (cf. Fig. 9 and

Fig. 7), while the modeled amplitudes are considerably weaker. When applying heating in all areas with positive precipitation
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anomalies in ERA-Interim (see Sect. 2.8), a high pressure anomaly occurs over the western to central North Pacific in pentad
1 after Phase 2 (Figs. 9a and b). Though the geopotential height anomaly exhibits a similar magnitude over the western North
Pacific for pentads with both high and low WCB activity, it is more than 16 m stronger over the central North Pacific when WCB
activity is high (Fig. 9c). Further downstream, a negative height anomaly emerges over the central North Atlantic representing
the positive phase of the NAO. In line with reanalyses (Sect. 3.4), this negative geopotential height anomaly occurs independent
of the WCB activity, but is more pronounced after phases with low WCB activity. Towards pentad 2 after phase 2, a Rossby
wave train develops downstream with geopotential height anomalies, which are in phase with those observed in ERA-Interim
(not shown). In particular, a negative geopotential height anomaly over western North America then resembles the canonical
extratropical MJO response found in reanalyses. Since global heating rates were determined separately for the two subsets
with low and high WCB activity during pentad 0, heating rates in the tropics for these two subsets are not necessarily identical.
To better understand whether some of the differences in Fig. 9c are due to differences in the tropical heating associated
with the MJO, we performed additional simulations for the low- and high WCB activity subsets driven by tropical heating
(i.e., between 20°S to 20°N) only. During phase 2, the differences between the two subsets with tropical heating only (black
contours in Fig. 9¢) are in phase with the differences found with the full forcing (shading in Fig. 9c). However, the differences
are considerably weaker when forcing is only applied in the tropics. Thus, the differences in WCB activity over the central
North Pacific and the resulting differences in heating prominently alter the MJO-extratropical teleconnection patterns.
Focusing on MJO phase 6, a generally similar conclusion can be drawn. With both heating from the tropics and extratropics,
a stronger geopotential height anomaly develops over the eastern North Pacific after days with high WCB activity than after
days with low WCB activity (Figs. 9d and e). However, the ensemble mean positive anomaly does not extend as far poleward as
in ERA-Interim (see Figs. 7f and 9e). Nevertheless, for individual members of the ensemble experiments positive geopotential
height anomalies are observed over western North America with similar magnitude to that seen in ERA-Interim (not shown).
The comparably weak ensemble mean response is most likely due to internal atmospheric variability and the fact that the
state of the extratropical flow at the initial time of the idealized experiments is different from observations. The different
state may result from preceding tropical or extratropical heating anomalies, which is not accounted for in this idealized setup.
Despite this difference to observations, a pronounced positive geopotential height anomaly develops downstream over the
North Atlantic in pentad 1 after phase 6 with high WCB activity. Although located further west than in the observations, the
similarity indicates that the positive anomaly evolves in response to the heating of the MJO and WCBs. As for phase 2, we
performed additional simulations for the low- and high WCB activity subsets driven by tropical heating only. Also in this case,
the observed differences weaken when forcing is limited to the tropics (black contours in Fig. 9f). In these experiments the
northward extension of the ridge over the eastern North Pacific is more pronounced in the subset with days of high WCB
activity. Again, we conclude that differences between the two experiments are mostly attributable to differences in WCB

activity rather than to differences in the heating imposed by the MJO.
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4 Concluding discussion

This study analyses the modulation of WCB activity in response to the MJO and the link of WCB activity to tropical-
extratropical teleconnection patterns using reanalysis data and experiments with an idealized general circulation model. Com-
ing back to the first research question — In what way is WCB activity modulated by the MJO? — we find a significant
modulation of WCB activity over the North Pacific, in particular after MJO phases 2, 3, 6, and 7. When the active MJO is
located over the eastern Indian Ocean (phases 2 and 3), WCB inflow and outflow activity are enhanced over the western to
central Pacific and suppressed over the eastern Pacific in the following pentad. In contrast, MJO phases 6 and 7 are followed
by suppressed WCB activity over the western Pacific and enhanced WCB activity over the eastern Pacific. This modulation
of WCB activity in response to the MJO shares similarities with the modulation of atmospheric river frequency, extratropical
cyclone frequency, and precipitation anomalies reported in previous studies — which is intuitive given the direct relationship
of WCBs with cyclones (Madonna et al., 2014; Binder et al., 2016) and atmospheric rivers (Sodemann et al., 2020), and their
relevance for precipitation (Pfahl et al., 2014).

Following MJO phases 2 and 3, the atmospheric river frequency increases significantly over the Bay of Bengal, the western
North Pacific and to the south of Japan (Mundhenk et al., 2016; Zhou et al., 2021). The collocation of regions with increased
atmospheric river frequency and regions with increased WCB inflow activity suggests that atmospheric rivers provide moisture
to the WCBs, which then ascend poleward over East Asia and the western North Pacific, in agreement with the discussion in
Sodemann et al. (2020). In line with the ascending WCBs, moisture flux convergence and precipitation is anomalously high over
East Asia during MJO phases 2 and 3 (Arcodia et al., 2020; Jeong et al., 2008), suggesting an overall contribution of WCBs
to the anomalous rainfall. By definition, but also dynamically, WCBs are directly linked to the occurrence of extratropical
cyclones (Madonna et al., 2014; Binder et al., 2016). This connection is reflected by an increased frequency of extratropical
cyclones over the western to central North Pacific when the active convection of the MJO is located over the Indian Ocean
(Moore et al., 2010; Guo et al., 2017).

MIJO phases 6 and 7 are associated with enhanced atmospheric river frequency over the central to eastern North Pacific (Zhou
et al., 2021) and western North America where they significantly intensify California precipitation and snow accumulation
(Guan et al., 2012; Payne and Magnusdottir, 2014). As for MJO phases 2 and 3, the positive atmospheric river frequencies
are collocated with anomalous WCB inflow frequencies, which suggests that they supply moisture to the base of the WCB.
A dynamically consistent picture involving weather systems of the midlatitudes is completed by an increased extratropical
cyclone frequency over the eastern North Pacific following active MJO convection over the western tropical Pacific (Moore
et al., 2010; Guo et al., 2017). Our results indicate that the outflow of WCBs deposits low PV air over the eastern North Pacific
which can reinforce blocking anticyclones, potentially contributing to the significantly enhanced blocking frequency over this
region after phases 6 and 7 (Henderson et al., 2016). The effect of the MJO on WCB activity over the eastern North Pacific is
modulated by the state of ENSO. During La Nifia and after MJO phases 6 and 7, WCB activity is even further enhanced in this
region. This is in line with findings by Takahashi and Shirooka (2014), Mundhenk et al. (2016) and Schneidereit et al. (2017),
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who concluded that the large-scale conditions set by La Nifia and MJO phases 7 provide a favorable environment for increased
extratropical cyclone and atmospheric river frequency over the central to eastern North Pacific.

The intra-phase variability of the MJO modulation of WCB activity is substantial. While the mean modulation of WCB
activity by the MJO is significant, there is substantial event to event spread in WCB anomalies, with some events exhibiting
WCB anomalies that are of the opposite sign to the mean modulation. To address the second central research question — How
is the WCB modulation linked to circulation anomalies associated with the MJO? — we systematically distinguish between
individual MJO events of the same phase followed by pentads of abnormally low and high WCB activity. With regard to
circulation anomalies directly associated with the MJO, subtropical anticyclonic Rossby gyres form over the western Pacific
in response to the heating of MJO phases 2 and 3. These induce a poleward moisture transport over the western Pacific seen in
previous studies (Zhou et al., 2021). This moisture transport is stronger during events with high WCB activity. Once the moist
air masses start to ascend along sloping isentropic surfaces, moist diabatic processes further enhance the ascent of WCBs.
WCB activity during phases 6 and 7 appears to depend on the structure of the midlatitude flow over the eastern Pacific. After
phases 6 and 7 with high WCB activity, an intense cyclonic anomaly over the eastern Pacific is associated with an eastward
extension and equatorward shift of the North Pacific jet. This situation is predisposed to baroclinic cyclone developments and
anomalous poleward moisture transport on the eastern flank of the cyclonic anomaly where the highest WCB anomalies are
found. After phases 6 and 7 with low WCB activity, the cyclonic anomaly is considerably weaker and displaced poleward.

We also use the same subsets of MJO events with abnormally low and high WCB activity to answer the third central question
— How does a potential modulation of WCB activity interact with known teleconnection patterns towards North America and
Europe? Previous studies have shown that the diabatically enhanced outflow of WCBs contributes to the amplification of upper-
tropospheric ridges (Pomroy and Thorpe, 2000; Pfahl et al., 2015; Steinfeld and Pfahl, 2019). The reason for this amplification
is the net transport of lower-tropospheric low potential vorticity air into the upper-troposphere as well as irrotational winds
which impinge on the upper-tropospheric potential vorticity gradient and thus constitute a Rossby wave source. In line with
these studies, individual MJO events of phases 2 and 3 (6 and 7) with high WCB activity are followed by stronger positive
geopotential height anomalies over the central (eastern) North Pacific than the same phases with low WCB activity. This clearly
indicates that latent heat release associated with WCBs affects the canonical MJO teleconnection pattern. To theoretically
underpin this rather statistics-based finding, we conduct experiments with a dry nonlinear baroclinic primitive equation model
forced by global heating mimicking the diabatic heating derived from ER A-Interim based precipitation anomalies. Subsets with
low WCB activity are characterized by below normal precipitation anomalies and a weaker heating. Accordingly, subsets with
high WCB activity feature a stronger midlatitude heating. The idealized experiments exhibit a stronger positive geopotential
height anomaly over the central North Pacific following MJO phase 2 with high WCB activity. Likewise, experiments forced
during MJO phase 6 with high WCB activity show a considerably stronger positive geopotential height anomaly over the eastern
North Pacific. To corroborate the causal relationship between differences in WCB activity and the different teleconnection
patterns and to exclude that differences in tropical diabatic heating have a decisive influence, we conduct two more experiments,

but only with heating in the tropics. The differences between these two experiments are small in terms of the teleconnection
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patterns. This confirms that the different teleconnection patterns found in reanalysis data after periods of high and low WCB
activity are indeed due to heating of the WCBs and not due to differences in tropical heating.

Notably, the modulation of MJO related teleconnection patterns by differences in WCB activity is not limited to the North
Pacific. After MJO phase 2, WCB activity in the western North Pacific changes the prevailing regime patterns in the North
Atlantic region: after MJO phase 2 with suppressed WCB activity NAO+ is more likely to occur, however after after MJO
phase 2 with enhanced WCB activity Scandinavian Blocking is the most likely regime. A striking finding of the present study
is that the canonical NAO- response (Cassou, 2008; Lin et al., 2009) establishes preferentially after MJO phases 6 and 7 with
low WCB activity. This increased frequency of NAO- is hardly found after phases with anomalously high WCB activity over
the eastern North Pacific. This breakdown of the canonical relation between MJO phases 6 and 7 and the negative phase of
the NAO is in line with previous studies by Drouard et al. (2015) and Schemm et al. (2018) though they did not establish
the link to WCBs. They concluded that an anomalously strong ridge over western North America is associated with a rather
equatorward propagation of transient eddies across North America and the North Atlantic resulting in more anticyclonic wave
breaking. Momentum flux convergence associated with the wave breaking tends to push the North Atlantic jet stream poleward
resembling rather NAO+ than NAO- conditions. In the results of this study, there is no clear tendency for either NAO+ or NAO—
conditions after MJO phases 6 and 7 with high WCB activity. The inconclusive weather regime response and the breakdown of
the canonical relationship indicate that in a statistical sense predictability may be reduced after MJO phases 6 and 7 with high
WCB activity.

Given that the MJO modulates the occurrence frequency of WCBs and that they affect MJO-extratropical teleconnection
patterns, the question emerges what this means for predictions on the subseasonal time scale. Therefore, a future study will
address the question of how the modulation of WCB activity by the MJO is represented in state-of-the-art subseasonal predic-
tion models and whether a misrepresentation of this modulation might explain the too weak relation between the MJO and the

NAO in the majority of these models (Vitart et al., 2017).

Code and data availability. ERA-Interim data are freely available at https://apps.ecmwf.int/datasets/data/interim-full-daily. RMM data can
be retrieved from http://www.bom.gov.au/climate/mjo/ and the ONI Index is available from https://psl.noaa.gov/data/correlation/oni.data.
The LAGRANTO documentation and information on how to access the source code are provided in Sprenger and Wernli (2015). The deep
learning models for WCB identification are provided via the repository at https://zenodo.org/record/5154980#.ZEDxZfdCSXk (last access:
18 April 2023).
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Figure 1. Composites of trajectory-based (a, d, g, j) WCB inflow and (b, e, h, k) WCB outflow frequency anomalies (shading in %) and mean
absolute frequencies (contours every 5%) for pentad 0 of MJO phases 2,3,6,7. (c, f, i, 1) 300-hPa geopotential height anomalies (shading
in gpm), mean 300-hPa geopotential height (dark contours every 200 gpm from 8400 to 9600 gpm), and 300-hPa mean wind speed (yellow
contours at 40, 50, 60 ms~1). Significant anomalies are indicated by stippling and robust anomalies are indicated by hatching. N represents

the total number of active MJO days in each phase during the entire period.
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Figure 2. Composites of CNN-based (a, c, e, g) WCB inflow and (b, d, f, h) WCB outflow frequency anomalies (shading in %) and mean
absolute frequencies (contours every 5%) for pentad O of MJO phases 2,3,6,7. (c, f, i, 1) 300-hPa geopotential height anomalies (shading
in gpm), mean 300-hPa geopotential height (dark contours every 200 gpm from 8400 to 9600 gpm), and 300-hPa mean wind speed (yellow
contours at 40, 50,60 ms™!). Significant anomalies are indicated by stippling and robust anomalies are indicated by hatching. Dashed and
solid polygons in (a, c, e, g) denote sub-regions over western and eastern North Pacific, respectively. N represents the total number of active

MIJO days in each phase during the entire period.
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(a) western North Pacific (b) eastern North Pacific
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Figure 3. Time-lagged analysis of CNN-based WCB inflow frequency anomalies (shading in %) over (a) the western North Pacific (see text

for definition of domain) and (b) the eastern North Pacific preceding and following all MJO phases and inactive MJO (indicated as phase 0)

with a lag of —10 to 10 days. Significant anomalies are indicated by stippling and robust anomalies are indicated by hatching.
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Figure 4. Same as Fig. 3, but for (a) the western and (b) eastern North Pacific during El Nifio, (c) the western and (d) the eastern North

Pacific during La Nifia, and the difference between El Nifio and La Nifia for (e) the western and (f) the eastern North Pacific.
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(a) MJO phase 2, West Pacific (b) MJO phase 3, West Pacific
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Figure 5. Distribution of CNN-based WCB inflow frequency anomalies over (a, b) the western North Pacific (dashed polygon in Fig. 2)
during pentad 0 of MJO phases 2/3 and (c, d) the eastern North Pacific (solid polygon in Fig. 2) during pentad O of MJO phases 6/7. Dashed

vertical lines indicate the boundaries between the terciles.
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Figure 6. Composites of baroclinic moisture flux anomalies (shading 10~*m?s™1), 850-hPa moisture flux anomalies (red arrows; vector
lengths scaled according to the reference vector), and CNN-based WCB inflow frequency anomalies (contours every 2% starting at +£2%)
during pentad 0 of MJO phases 2,3,6,7 with (a, c, e, g) low WCB activity and (b, d, f, h) high WCB activity. Baroclinic moisture flux
anomalies are masked between values of -0.1 to 0.1-10~* m? s~*. N represents the total number of active MJO days in each tercile. Moisture

flux vectors are not shown between 10°S to 10°N.
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Figure 7. Composites of 300-hPa geopotential height anomalies (shading in gpm) and mean geopotential height (contours at
8700, 8800, 8900, 9000, 9100, 9200 gpm) during pentad 1 of MJO phases 2,3,6,7 with (a, d, g, j) low WCB activity and (b, e, h, k) high
WCB activity. Significant anomalies are indicated by stippling and robust anomalies are indicated by hatching. (c, f, i, 1) show difference in

300-hPa geopotential height anomalies (shading in gpm) between high and low WCB activity.
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Figure 8. Lagged relationship between pentad 0 of MJO phases 2, 3, 6, 7 and the four North Atlantic-European weather regimes (a) indepen-
dent of WCB activity, (b) with low WCB activity, and (c) with high WCB activity. For each MJO phase, we plot the anomalous percentage
occurrence of a given regime as a function of lag in days (with regimes lagging MJO phases). A value of 100% means that this regime occurs
twice as frequently as its climatological mean. The orange and green bars show where the regimes occur significantly more or less frequently,

respectively, than their climatological occurrences.
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Figure 9. Idealized general circulation model 300-hPa geopotential height anomalies (shading in gpm) during pentad 1 of MJO phases 2, 6
with (a, d) low WCB activity and (b, e) high WCB activity and (c, f) difference between phases with high and low activity. Black contours in

(c, ) show difference in 300-hPa geopotential height anomalies (contours in gpm) between high and low activity subsets when forced only
with tropical heating.
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