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Abstract

Simple dynamical models are used to understand fundamental processes of how ENSO modulates subseasonal telecon-
nections associated with tropical imprints of the MJO by stripping away complex phenomena. Both a dry linear baroclinic
model and a dry nonlinear baroclinic model are employed to (1) assess how much of the MJO teleconnection pattern in a
particular ENSO phase can be captured by linear and nonlinear dynamics and (2) analyze the role of the ENSO-modulated
MIO forcing and base state in reproducing the teleconnection patterns. The modeling experiments reveal that linear dynamics
are sufficient in capturing differences between the Northern Hemisphere teleconnections associated with the MJO during
El Nifio and La Nifia. Nonlinear dynamics modestly capture more of the Northern Hemisphere MJO teleconnection pattern,
particularly over North America, suggesting the teleconnection response over North America is more complex. The telecon-
nection patterns are sensitive to changes in both the ENSO background state and the domain of the monthly MJO-associated
forcing. A Rossby wave source diagnosis is applied to further understand the underlying mechanisms. Further, a series of
experiments swapping MJO forcings during El Nifio events versus La Nifia events with an ENSO-neutral base state and vice
versa show that the MJO forcing has a larger influence over the teleconnection pattern than the base state. Therefore, the
modulation of the MJO convection by ENSO dominates the ENSO-phase-dependent changes to the Northern Hemisphere
teleconnection pattern. These modeling experiments highlight that MJO teleconnections must be considered in the context
of the ongoing ENSO event.

1 Introduction

The MJO produces robust and consequential teleconnection
patterns in the Northern Hemisphere via upper-level diver-
gent flow associated with the MJO convective disturbance
forcing Rossby wave trains emanating from the tropics to the
extratropics (Riehl 1950; Hoskins and Karoly 1981). These
MIJO teleconnections in the Northern Hemisphere during
boreal winter have been found to affect temperature (Seo
et al. 2016), circulation (Henderson et al. 2016), and pre-
cipitation patterns (Becker et al. 2011; Arcodia et al. 2020)
via interaction with the Asian-Pacific jet (Kim et al. 2006),
the Pacific-North American pattern (Mori and Watanabe
2008; Riddle et al. 2013), and the North Atlantic Oscillation
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(Cassou 2008). While the MJO is the dominant mode of
subseasonal variability in the tropics, ENSO is the dominant
mode of interannual variability in the tropical Indo-Pacific
and it is a spatially stationary phenomenon, at least on the
timescales of the MJO. In a similar way to the MJO, ENSO
has its own teleconnections and the effects on atmospheric
circulation patterns, temperature, and precipitation have
been documented throughout the globe (Alexander et al.
2002; Diaz et al. 2001; Yeh et al. 2018).

According to Matthews et al. (2004), the effect of the
basic states of El Nifio and La Nifia is of the same qualitative
importance as the effect of the nonlinear response within the
standard MJO cycle. ENSO modulates the background state
through which the MJO is propagating, and has been shown
to modulate the MJO strength, propagation speed, and pat-
tern evolution (Pohl and Matthews 2007; Wei and Ren 2019;
Yadav and Straus 2017; Liu et al. 2020; Wang et al. 2018;
Hsu et al. 2018). Teleconnection patterns are dependent on
the mean state of both the atmosphere and the ocean, and
modulation of the mean state can affect the persistence,
location, and strength of the extratropical teleconnection
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in response to the tropical disturbance (Ting and Sardesh-
mukh 1993; Stan et al. 2017; Yeh et al. 2018; Henderson
and Maloney 2018; Wang et al. 2020b). A number of studies
have assessed how ENSO modulates MJO teleconnections,
resulting in changes to teleconnection patterns in the North-
ern Hemisphere (Moon et al. 2011; Hoell et al. 2014; Lee
et al. 2019). The study of Arcodia et al. (2020) analyzes how
the specific location of the deep convection associated with
the MJO, combined with the modulation of the background
state by ENSO, affects the rainfall teleconnection signal in
the U.S. via constructive and destructive interference. Lower
frequency phenomena have also been found to affect the
MIJO and its associated teleconnection patterns such as the
Quasi-Biennial Oscillation (QBO; Mayer and Barnes 2020;
Feng and Lin 2019; Son et al. 2017).

Separating the linear and nonlinear influences is chal-
lenging since the interaction between the MJO and ENSO
is at least partly nonlinear, although it does not imply that
the remote responses are nonlinear (Feng et al. 2015; Pang
et al. 2016). Roundy et al. (2010) emphasizes that non-
linearity in the climate system negates the ability to com-
posite MJO and ENSO teleconnection patterns separately.
While Roundy et al. (2010) find that simply linearly com-
bining the responses from MJO and ENSO is insufficient,
Riddle et al. (2013) note that some occurrences of certain
weather regimes are due to nonlinear contributions of
MJO and ENSO, while other occurrences are due to linear
combinations.

Due to the complexities of linear and nonlinear impacts
from ENSO on MJO teleconnections, modeling the telecon-
nections associated with the MJO offers more insights into
ENSO’s impact via modulation of the mean state and the
MJO itself. For MJO teleconnections to be represented well
in models, both the mean state (Dawson et al. 2011; Weare
2013; Ling et al. 2019) and the MJO itself need to be well
represented (Henderson et al. 2017; Yoo and Son 2016;
Wang et al. 2020a), but this remains a difficult task. Thus,
simple models are employed in this study in which the forc-
ing and the mean state are explicitly prescribed to directly
analyze the role of each. Using a linear baroclinic model,
Tseng et al. (2019) reasonably reproduced the MJO-induced
teleconnections observed in the reanalysis data, and found
that MJO phases 2—7 generate consistent teleconnection pat-
terns in the Pacific-North American region with higher 2—4
weeks lead time forecast skill. Tseng et al. (2020) further
analyzed the joint influence of the basic state and MJO forc-
ing on the teleconnection pattern, finding that MJOs during
El Nifio years offer less subseasonal predictability. Using a
nonlinear baroclinic model, Henderson and Maloney (2018)
found that the background ENSO state affects the role of the
MJO on high-latitude blocking events.

This study expands upon the ENSO-modulated telecon-
nection patterns documented from reanalysis in Arcodia
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et al. (2020) and the previous linear and nonlinear modeling
studies described above. This present study takes a novel
approach to perform a direct model hierarchy comparison to
assess ENSO modulation of the MJO teleconnections. We
employ a 2-tier climate model hierarchy using realistic and
subseasonal forcings to determine how much of the extrat-
ropical teleconnection pattern in the North Pacific and North
America is a direct response to the tropical MJO convec-
tive forcing. We then assess the role of linear and nonlinear
dynamics in modulation of the MJO-associated teleconnec-
tion patterns by ENSO.

2 Model setups, data, and methods

We use a linear and nonlinear framework via a 2-tier climate
model hierarchy to assess which aspects of the background
state and forcing during an MJO and ENSO phase combina-
tion during boreal winter months are important in producing
the Northern Hemisphere teleconnection response.

A dry linear baroclinic model (LBM; Watanabe and
Kimoto 2000) is employed to document how much of the
subseasonal teleconnections associated with the MJO in
the Northern Hemisphere midlatitudes can be captured by
strictly linear dry dynamics to investigate the responses dur-
ing different ENSO base states and later compare nonlinear
dynamics results. The use of a simple linear model is moti-
vated by the ability to investigate complex atmospheric phe-
nomena in a simple way by stripping the complicated nonlin-
ear mechanisms from the system. In a linearized model, it is
possible to separate the anomalous response from the basic
state, which would not be possible in a model with feedback
processes (Tseng et al. 2019). The LBM version used in this
study has been used to successfully diagnose tropical—extra-
tropical teleconnection mechanisms on subseasonal time-
scales, such as the MJO influencing U.S. tornado genesis
(Kim et al. 2020) and the East Asian Monsoon influencing
U.S. heatwaves (Lopez et al. 2019). Tseng et al. (2020) also
used an ensemble version of the LBM to assess interannual
variability of MJO teleconnection consistency between MJO
phases. The model includes no radiative feedbacks, convec-
tion, or moisture, so the complications of parameterization
with convective schemes and precipitation are eliminated.
Deep convection is instead represented with prescribed dia-
batic heating associated with convection. A model without
moisture or tropical convection can still produce subseasonal
variability and a Kelvin-wave structure resembling the MJO
(Lin et al. 2007).

Since the midlatitude response can be greatly influenced
by extracting energy from the mean flow (Simmons et al.
1983), the role of large-scale atmospheric instabilities and
nonlinear feedbacks should also be considered when explor-
ing the mechanism of MJO teleconnection patterns and
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their modulation by ENSO. In the second tier of the climate
model hierarchy, we employ a dry nonlinear atmospheric
general circulation model (AGCM; Kirtman et al. 2001) to
assess the limitations of the simple linear interpretation of
the tropical—-extratropical teleconnections from the LBM.

AGCMs or similar models have proven useful for explor-
ing variability in teleconnection responses to diabatic heat-
ing forcing (Straus and Shukla 2000; Higgins and Schubert
1996; Straus et al. 2015; Seo and Lee 2017). Kirtman et al.
(2001) used a version of the AGCM used in this study and
found that variations in subseasonal SST anomalies pro-
duced significant variations in North American rainfall and
500 mb geopotential height patterns. Recently, Malloy and
Kirtman (2022) used the AGCM to study East Asian Mon-
soon teleconnections and found that the model captured
the primary dynamical processes of the North American
Subtropical High and some processes that affect the North
American Low-Level Jet.

2.1 Linear baroclinic model (LBM)
2.1.1 LBM setup

The dry linear baroclinic model (LBM; Watanabe and
Kimoto 2000) is used to diagnose the direct teleconnection
response from an imposed forcing associated with the MJO.
The LBM is a primitive equation model linearized around
a base state. The model is run at a horizontal resolution of
T21 (roughly 5.5° latitude) with 11 vertical levels (T21L11).
Eleven vertical levels allows for enough resolution of the
vertical structure of the basic state winds, including the jet
core tilting poleward with height, which is important for
Rossby wave forcing through differential vorticity advection
(Lopez et al. 2019). This study is concerned primarily with
the spatial structure of the MJO teleconnections, which can
be captured with T21 as shown in Kim et al. (2020). The
steady-state solution using the full matrix inversion tech-
nique (Hoskins and Karoly 1981; Watanabe and Kimoto
2000) is used, allowing for wave-wave interactions with
truncation at zonal wavenumber 15. Drag is applied to the
model in the form of Rayleigh friction and Newtonian cool-
ing, with a timescale of 0.25 day‘1 at the low levels, 0.5
day~! at the upper levels, and 10 day™' in the middle levels,
as these values produced the most reasonable results without
nearly resonant responses from too little damping. These
parameters are the same for all experiments, so that the dif-
ferences in the LBM results are due to only differences in
imposed forcing and the basic state.

2.1.2 LBM forcing

To model the tropical convection, we impose diabatic heat-
ing into the model since there are no moisture terms. To

prescribe the horizontal structure of the heating, we use
the rainfall from NCEP-NCAR Reanalysis-2 (Kalnay et al.
1996) following the methodology described in Arcodia et al.
(2020), which justified the use of NCEP reanalysis precipi-
tation for identifying potential drivers of spatial variation
in the rainfall anomalies. The Tropical Rainfall Measuring
Mission (TRMM; Simpson et al. 1996) dataset (a shorter,
e.g. 1998-2017, but higher resolution observational pre-
cipitation dataset) was also used to test the sensitivity of
the results to the rainfall dataset used to calculate the diaba-
tic heating, but the extratropical response remained similar
with the same general large scale structures persisting in the
North Pacific and North America. The precipitation anomaly
used here is the daily anomaly (daily climatology subtracted)
minus the 120-day centered running mean, where the 120-
day centered running mean effectively captures the variabil-
ity associated with ENSO (Lin et al. 2008; Arcodia et al.
2020). Only November—April months are used as the boreal
winter is the active season of the MJO (Zhang 2005). The
anomalous rainfall associated with the tropical MJO forcing
is converted into diabatic heating using the following equa-
tion derived from the moisture equation:

. L
O/ ey bp) = (c”” 8 > (precip’ (y,0)) (1)) 0

pls

where Q/ is the diabatic heating anomaly, L, is the latent heat
of vaporization, p is the density of air, g is gravity, ¢, is the
specific heat of water, p, is the surface pressure, and #(p) is
the normalized vertical structure such that

Ps
/O n(p)dp =1 2)

and the precipitation anomaly is that associated with the
MIJO tropical forcing. A full derivation of the anomalous
diabatic heating is in the “Appendix”. The 2-dimensional
diabatic heating field is then multiplied to a specified verti-
cal structure profile to create a 3-dimensional anomalous
diabatic heating forcing (more detail in the Vertical Profile
Sensitivity Testing section). Previous studies have used a
similar approach in forcing the LBM with a vertical heating
profile particularly for the inverse matrix solver version of
the model used here (e.g. Lopez et al. 2016; Kim et al. 2020.

The prescribed forcings are constructed with three simul-
taneous constraints: month, MJO phase, and ENSO phase.
First, months are considered separately, as Newman and
Sardeshmukh (1998) show the importance of month-to-
month variability is lost when averaging over 4—6 months.
Additionally, Roundy et al. (2010) show that linear summa-
tion of MJO teleconnection patterns and ENSO teleconnec-
tion patterns is insufficient in capturing the correct response,
so composites must be calculated based on concurrent MJO
and ENSO phase. The MJO phase is diagnosed using the
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Real-time Multivariate MJO Index outlined in Wheeler and
Hendon (2004). MJO Phases 2 &3, 4 &5, 6 &7, 8 &1 (here-
after P23, P45, P67, P81) are combined to increase sample
size and only those days with an RMM>1.0 (active MJO)
are considered. ENSO phases are separated into three cat-
egories: warm ENSO (EI Nifio events), cold ENSO (La Nifia
events), and neutral events. El Nifio (warm) and La Nifa
(cold) ENSO periods are defined by the NOAA Climate Pre-
diction Center (CPC): exceeding a threshold of + 0.5 °C for
the oceanic Nifio index (ONI), a 3-month running mean of
ERSST.v5 SST anomalies in the Nifio—3.4 region (5°N-5°S,
120°-170°W), based on centered 30-yr base periods updated
every 5 years. Neutral periods fall within the threshold. Put
simply, for each experiment, the monthly mean forcings are
constrained by simultaneous MJO phase and ENSO phase.
For example, the daily rainfall anomaly for all the days in
November from 1979 to 2017 in which the MJO was active
and is P23 and an El Nifio was present would be used to
calculate the diabatic heating following Eq 1., then aver-
aged to create one forcing for an LBM run. A separate run
uses the daily anomalies composited from all the December
days in which the MJO was active and in P23 and El Nifio
was present, and so on. The same process for creating the
forcings is done for La Nifia days and ENSO Neutral days.
The averaged response is then calculated using a weighted
average for the number of days used for each forcing to aver-
age over the November—April period while still retaining
the monthly variability. A table with the number of each
days for each monthly, MJO, and ENSO constraint can be
found in Table 1. For comparison of the LBM output to rea-
nalysis and the AGCM output, 500 mb geopotential height
is used for assessing the teleconnection response patterns.
The 500 mb geopotential height output in the LBM is the
direct response to the anomalous forcing and the zonal mean
is removed to isolate the anomalous response. The same
process was applied to the comparisons with the nonlinear
AGCM and the reanalysis data.

2.1.3 LBM base state

The base states for the following experiments are zonally
asymmetric 3-D fields constructed from NCEP-NCAR Rea-
nalysis-2 daily data from 1979 to 2017 to be consistent with
Arcodia et al. (2020), as this study serves as the primary
motivation for this study. As with the forcings, only Novem-
ber—April months are used as the boreal winter is the active
season of the MJO (Zhang 2005). However, the base states
are only constrained by ENSO phase, not individual months
or MJO phase as in the forcings, to ensure to ensure that the
background flow does not include the expected anomalous
model response to the forcing, and thus the response to MJO
forcing is an anomaly relative to the basic state. Thus, an El
Nifio NDJFMA base state, a La Nifia NDJFMA base state,
and an ENSO Neutral NDJFMA base state are constructed.

2.2 Dry atmospheric general circulation model
(AGCM)

2.2.1 Dry AGCM setup

The second climate model used in this study is a dry baro-
clinic nonlinear atmospheric general circulation model
(AGCM). It is a primitive equation spectral model with
Rhomboidal truncation at R15 which equates to roughly
4.5° latitude by 7.5° longitude with 11 vertical sigma levels.
These resolutions were chosen to best match with the LBM
model resolutions. The model has been adapted by Kirtman
et al. (2001) from Brenner et al. (1984) and has removed
all moisture components and processes. Newtonian cool-
ing and Rayleigh friction are applied; realistic topography
is used and provides a topographical forcing. The model is
described in further detail in Brenner et al. (1984) and Mal-
loy and Kirtman (2022) and versions of this model have been
employed in Kirtman et al. (2001) and Malloy and Kirtman
(2022).

Table 1 The number of days

. El Nifio days La Nifia days Neutral days

for each simultaneous monthly,

MIJO, and ENSO constraint Month MIJO phase Month MIJO phase Month MIJO phase

used for the LBM and AGCM

experiments P23 P45 P67 P81 P23 P45 P67 P81 P23 P45 P67 P81
November 125 46 38 74 November 40 73 103 44 November 34 43 69 51
December 91 63 61 43 December 38 51 65 41 December 72 43 63 56
January 50 54 88 37 January 109 55 68 70 January 8 49 71 56
February 40 33 61 58 February 76 57 53 43 February 54 58 81 60
March 74 79 69 86 March 66 56 51 44  March 77 67 87 86
April 53 36 41 44  April 53 60 62 42  April 81 77 75 88
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2.2.2 Dry AGCM forcing and base state

The forcings and base states used in the AGCM follow the
same procedure as in the LBM. For every run, the model
is run for 1200 days with the first 100 days discarded to
account for spin-up, resulting in a 1100-day run per experi-
ment. Each run of the AGCM utilizes an ENSO-phase
dependent base state (i.e. the temperature field used in the
Newtonian cooling) and a forcing composited in the same
way as the LBM using the three conditions specified above:
month, MJO phase and ENSO phase.

A control run is completed for each base state in which
the AGCM is run fully with no external forcing (i.e. no dia-
batic heating) and the only forcing in the model is internal
(i.e. topographic). To assess the teleconnection response in
the model to the imposed forcing, we take the response from
the AGCM run forced with the diabatic heating and subtract
the response from the unforced control run. This process is
repeated for each AGCM run with a different forcing based
on month, MJO phase and ENSO phase. For example, the
AGCM is run with an ENSO-dependent climatological base
state and MJO-associated diabatic heating forcing calculated
by averaging over all days in November from 1979 to 2017
in which the MJO was active and in P23 and an EI Nifio was
occurring. The model is re-run for the same climatological
base state, but with no imposed diabatic heating, as a control
run. The geopotential height is calculated for each output
following Malloy and Kirtman (2022) and this response is
subtracted from the response from the forced run. The time
mean is taken over the 1100-day output and then the zonal
mean is subtracted to find the anomalous eddy response to
the forcing. The AGCM output for each month is weighted
by the number of days used in the forcing for that month and
a weighted average is calculated for MJO P23, P45, P67, and
P81 with El Nifio days, La Nifia, Neutral days separated,
respectively.

3 LBM experiments

A number of sensitivity tests were run with the LBM to con-
firm that the teleconnection response assessed was that due
to the linear dynamics associated with the imposed forcing,
and not an artifact of the model.

3.1 Vertical profile sensitivity testing

Vertical and horizontal representation of the structure of
the heating is necessary for diagnosing how convection
associated with the the MJO, for example, affects circula-
tion (Schumacher et al. 2004; Zhang and Mu 2005; Lap-
pen and Schumacher 2012). In this study, the horizontal
structure of the diabatic heating is directly specified by the

2-dimensional anomalous precipitation pattern taken from
reanalysis, and thus is accurately represented to the extent
that reanalysis rainfall captures the observed phenomenon. A
vertical structure must then be specified to create a 3-dimen-
sional diabatic heating profile to force the model. It is known
that in the tropics, top-heavy diabatic heating profiles occur
most frequently, but some bottom-heavy vertical profiles can
be necessary for MJO convective organization and propaga-
tion (Lau and Peng 1987; Schumacher et al. 2004; Benedict
et al. 2013; Stephens et al. 2019).

We test the sensitivity of the model response to four verti-
cal profiles (shown in Fig. 1) in both the MJO Domain (top)
and the Full Globe (bottom). The vertical profiles tested
included “Realistic” (Fig. lai; i.e. top-heavy), “Low-level
Heating” [Fig. 1a(ii); i.e. bottom-heavy], “Low-level Cool-
ing” [Fig. la(iii)], and “Vertically Uniform” [Fig. la@iv)].
These sensitivity tests show that although there are small
changes in magnitude, the spatial pattern of the teleconnec-
tion response to the MJO is not highly sensitive to the verti-
cal profile. This is likely due to a lack of moisture-convective
feedbacks in the model and the steady-state solution version
of the model used, in which a time-varying and propagating
MJO forcing is not being simulated, but rather imposed. The
teleconnection response may become more dependent on the
spatially-varying structure of the vertical profile in a higher
vertical resolution of this model, but that is beyond the scope
of this study. We find that the teleconnection patterns are
much more dependent on the domain of the forcing than the
vertical profile, so attention for subsequent experiments is
focused on changes to the forcing domain and base state due
to the ENSO background state.

The realistic vertical profile used for all subsequent exper-
iments [see Fig. 1a(i)] is adapted from Lin et al. (2004) and
has the maximum heating from 300 to 500 mb replicating
mid-level condensational heating due to convection, with no
heating at the topmost and bottom most layers. Additionally,
since the model response is fairly insensitive to changes in
the vertical profile, the same profile is used for all MJO forc-
ings regardless of ENSO background state. While accurate
vertical profile representation is fundamental for accurate
MJO characterization, this study directly imposes the MJO
forcing via diabatic heating and is not concerned with simu-
lating MJO initiation or propagation, further justifying the
use of the same vertical profile throughout the globe.

3.2 Forcing domain sensitivity testing

A series of experiments were also conducted to test how
the forcing domain influences the teleconnection response.
Figure 2 shows the forcing composited by month for each
MIJO phase during La Nifa days, then averaged weighted
by days per month for P23, P45, P67, and P81. The MJO
Domain (Fig. 2a) run isolates the region with the largest
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Fig.1 a Four vertical profiles showing the structure of the diabatic
heating for the forcing in the LBM: (i) “Realistic”’-maximum heat-
ing from 300 to 500 mb; (ii) “Low-level Heating”-maximum heat-
ing from 700 to 850 mb; (iii) “Low-level Cooling”-negative heating
(cooling) below 900 mb; (iv) “Vertically Uniform”-equal heating
applied throughout the column. The x-axis is non-dimensional and
normalized to be applied to the diabatic heating profiles following

MIJO-associated anomalies (25 S—25N, 40E-240E) to test if
the forcing in the tropical Indo-Pacific diabatic heating dom-
inates the extratropical teleconnection response. The North
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Egs. 1 and 2. b The anomalous 500 mb geopotential height response
from the LBM for the MJO domain forcing using the four verti-
cal profiles in a during El Niflo days for MJO P23 and P45. Each
panel consists of the weighted average of the monthly response
from November to April. ¢ Same as b but for the Full Globe forcing
domain

Pacific Only (Fig. 2b) run isolates the Northern Hemisphere
extratropical region of 25N—45N to test the role of the lead-
ing North Pacific anomaly on the North American response.
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Fig.2 The anomalous 700 mb diabatic heating forcing domains for
the MJO-forced experiments for La Nifia days. Each panel consists of
a weighted average of the number of days from each month Novem-
ber-April for the corresponding MJO phase and a La Nifia was occur-

The Full Globe (Fig. 2c) run uses the forcing composited
over the entire globe to test the sensitivity of the response
to a global forcing (anomalies are sparse beyond 45N and
45 S).

We note that a typical stationary Rossby wave train
emanating from the tropics takes about 2 weeks to fully
establish. Therefore, the North Pacific anomaly may be the
response from a tropical forcing a few weeks prior, yet we
composite the forcing using using the simultaneous heat-
ing in the region analyzed for a specific month/MJO phase/
ENSO phase combination to examine the interference. The
issue of a time-varying response due to the time it takes
the Rossby wave to fully establish is beyond the scope of
this study and would be better suited for the time-inte-
gration version of the LBM. The focus of this study is to
analyze the spatial structure of the remote response to an
imposed forcing derived from the realistic MJO-associated
heating anomalies.

The experiments revealed that the teleconnection
response is sensitive to the domain of the forcing (Fig. 3).
The Full Globe (Fig. 3c) response shows an eastward
shifted positive anomaly, starting in the eastern North

K day

ring. a MJO-Domain Experiment: 25 S—-25N; 40E-240E. b North
Pacific Only Experiment: 25N—45N. ¢ Full Globe Experiment: no
domain restrictions. All forcings are in units of K day~!

Pacific in P23, moving southeast to the central-west North
Pacific in P45, the positive height stretches into the west
coast of the U.S. in P67, then shifts further east to the
southern U.S. in P81. This pattern can only be seen when
the model is forced including the both the tropical and
extratropical forcing.

Furthermore, the results show that the LBM is sensitive
to fluctuations in the forcing used, seen in the variability of
the response based on MJO phase, regardless of the forcing
domain. For example, in both the MJO Domain and Full
Globe responses (Fig. 3a,c), the western North Pacific posi-
tive height anomaly in P23 switches to a negative anomaly
is 45, shifts eastward in P67, and switches back to a positive
anomaly in P81.

The forcing domain sensitivity in also seen in the
North American response pattern. In P23, when the
LBM is forced with just the tropical forcing in the MJO
Domain experiment (Fig. 3a), the subtropical Pacific has
a strong negative anomaly centered over Hawai’i and a
positive anomaly in the North Pacific, with a very weak
response in the U.S. However, when the extratropical forc-
ing is included for the Full Globe (Fig. 3¢) experiment,
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Fig.3 The anomalous 500 mb geopotential height response from the LBM for the three forcing domains during El Nifio days. Each panel con-
sists of the weighted average of the monthly response from November to April

the positive anomaly in the North Pacific is maintained,
while the negative anomaly is shifted eastward, extending
over the continental U.S. In P45, the tropical forcing only
produces a slightly positive anomaly over the US, while
the tropical and extratropical forcing produced a negative
height anomaly over the majority of the U.S. There is also
a slight eastward shift in the response by including the
North Pacific forcing. Overall, the response in the west-
ern subtropical and western North Pacific is dominated by
the tropical forcing. The eastern subtropical Pacific and
eastern North America are dominated by the extratropical
forcing, where there is likely a downstream response from
advection by the zonal winds.

The same set of domain-varying experiments were run for
La Nifla days (Fig. 4). The forcing domain sensitivity test
results for the MJO forcing during La Nifia days are similar
to those for El Nifio days, especially in that the inclusion of
the North Pacific anomaly affects the response over North
America. Without the inclusion of the Northern Hemisphere
forcing (above 25N), the response is dominated by the MJO
region forcing. When the Northern Hemisphere forcing
(above 25N) is included, the North American response is
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dominated by the Northern Hemisphere forcing. Therefore,
the LBM response is sensitive to the domain forcing and
further suggests that the response over North America is
sensitive to both a tropical and midlatitude forcing.

4 AGCM experiments

The AGCM is run to compare the teleconnection response
to both those in the LBM and the Reanalysis. Following
a similar methodology used for the LBM, the model is
forced with the diabatic heating anomalies over the (1)
MJO Domain forcing domain and (2) the Full Globe forc-
ing domain. Both forcing domains are tested here to exam-
ine if the tropical forcing alone dominates the midlatitude
pattern, or if the full tropical-extratropical anomalous
heating is necessary for capturing the midlatitude telecon-
nection pattern. The North Pacific Only forcing domain
was not used for the AGCM.

There is strong sensitivity in the system to the MJO forc-
ing based on phase, meaning the AGCM Northern Hemi-
sphere response to the tropical forcing is sensitive to the
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Fig.4 The anomalous 500 mb geopotential height response from the LBM for the three forcing domains during La Nifia days. Each panel con-
sists of the weighted average of the monthly response from November to April

location and domain of the MJO forcing, which generally
supports the conclusions drawn from the LBM experiments.
In Fig. 5, the 500 mb geopotential height response from the
AGCM is shown for the MJO Domain forcing experiment
(left) and the Full Globe forcing experiment (right) for El
Nifio days. Figure 6 shows the same, but for La Nifia days.

The AGCM results from the MJO Domain run for El
Nifio days show a positive height anomaly over the North-
west Pacific in P23 that remains fairly stagnant through P81.
There is a negative height anomaly over Northwest Canada
in P23 that expands to covering Alaska and the Northwest
Pacific in P45, then returns to a similar structure as in P23
for P67 and P81. There is also a weak positive anomaly to
the east of North America in P23 that expands to the entire
southern U.S. in P67.

The AGCM Full Globe forcing domain response for El
Nifio days differs slightly from the MJO Domain run in all
phases, although the general structure of the response is
similar, particularly in P45 and P81. In P23, the Full Globe
response is shifted eastward, while the P45 response is simi-
lar between the two forcing runs, but the negative height
anomaly spans less area in the Full Globe response. In P67,

a large positive height anomaly is found over the entirety
of North America with a center over California, and no
negative height anomaly is found in Canada as in the MJO
Domain run.

The AGCM responses differ from the LBM responses
in that the Full Globe LBM run responses are simply a
summation of the tropical forcing response and the North
Pacific forcing response, while the AGCM responses are
not, due to the nonlinear nature of the AGCM. The LBM
responses for both domain forcing experiments show
symmetry in the MJO phases in that P23 and P67 and P45
and P81 show nearly opposite identical patterns, while
this contrast is not found in the AGCM results.

The La Nifia day results in Fig. 6 show that the MJO
Domain and Full Globe forcing domain responses are sim-
ilar in structure for P67 and P81, but P23 and P45 show
very different responses. The MJO Domain forcing domain
response is similar to the El Nifio days responses with a
positive height anomaly over the western North Pacific
and a negative anomaly over the eastern North Pacific and
Canada in P23 and a large negative anomaly spanning the
North Pacific in P45. However, in the Full Globe forcing
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Fig.5 The anomalous 500 mb
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domain response, the negative anomalies in P23 and P45
are small and there is an eastward shifted positive height
anomaly from P23 to P45.

5 ENSO-modulation of MJO teleconnections

The models’ abilities to capture the Northern Hemisphere
teleconnection pattern is assessed by comparing the mod-
els’ outputs to each other and to reanalysis. For conciseness,
an MJO forcing composited during El Nifio, La Nifia, or
Neutral days will be referred to as an El Nifio MJO forc-
ing, La Nifia MJO forcing, or ENSO Neutral days forcing,
respectively.

First, ENSO modulation of the MJO-associated diabatic
heating calculated from reanalysis (Eq. 1) is analyzed. The
top left panel (Fig. 7a) shows the MJO-associated diabatic
heating anomalies composited over the November—April
days during which an MJO was active and in P23 during
El Nifio days. The top center panel (Fig. 7b) shows days
composited using the same criteria but during La Nifia days.
The top right panel (Fig. 7c) shows the same but for ENSO
Neutral days. The same method continues for MJO P45, P67,
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and P81. The La Nifia MJO forcing is stronger than the El
Nifio MJO forcing over the Indian Ocean in P23 and over
the Maritime Continent in P45. Differences in the forcing
are also seen in the North Pacific with a stronger negative
forcing (cooling) during La Nifia in P45. There is also a
strong warming in the subtropical Pacific near Hawai’i dur-
ing La Nifia in P81 that is not seen during El Nifio. The
heating and cooling magnitude of the MJO forcing during
La Nifa is generally stronger. Overall, the MJO forcing is
clearly modulated in both location and magnitude by the
ENSO base state.

To assess if ENSO phase affects the teleconnection
response associated with the MJO in reanalysis estimates,
we look at reanalysis 500 mb geopotential height anomalies
(Fig. 8) with the zonal-mean removed for direct comparison
to the LBM and AGCM results for both El Nifio and La Nifia
days. The panels correspond to the same days composited as
in Fig. 7a,b. For both El Nifio and La Nifia days, the anoma-
lous 500 mb geopotential height has a wave train pattern
spanning from the North Pacific to over North America. The
primary differences in the height patterns during El Nifio
versus La Nifia days are in the eastward extent of the North
Pacific height anomaly and the height structure over North
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America. In general, the North Pacific anomaly shifts east-
ward during EI Nifio, but shrinks and remains stationary dur-
ing La Nifia. There is a more pronounced and larger eastern
U.S. anomaly during La Nifia than El Nifio. If there was little
to no difference in the MJO-associated anomalous height
pattern between the El Nifio days and the La Nifia days,
it would imply that the extratropical teleconnection pattern
associated with the MJO was independent of ENSO phase.
However, there are clear differences that vary spatially and
by MJO phase which provides strong evidence for the modu-
lation of MJO teleconnections by ENSO. These results are
consistent with Moon et al. (2011), who note shifted extrat-
ropical anomalies during El Nifio and La Nifia periods.
The LBM does capture differences in the responses dur-
ing El Niflo versus La Nifla, suggesting that the variations
in the base state and forcing due to ENSO impact the MJO
teleconnections in this linear framework. A comparison of
Figs. 3c and 4c shows that during La Nifia days, the anoma-
lous height patterns in the North Pacific extend more into
the U.S. than during El Nifio days. In the LBM response, the
North Pacific height patterns for both positive and negative
anomalies have larger magnitudes during La Nifia, particu-
larly in P23 and P67. Differences in the Northern Hemi-
sphere response patterns span the North Pacific and North
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America and are highly variable when considering El Nifio
versus La Nifia modulation.

To quantify how much of the teleconnection pattern asso-
ciated with the MJO is captured by the LBM, we calculate
the centered Pearson product-moment coefficient of linear
correlation (adopted from the skill metrics from Wang et al.
(2020a)) between the LBM and AGCM output for the Full
Globe run and the Reanalysis. We compute the correlation
for each MJO phase over the Northern Pacific-North Ameri-
can region (20N-65N; 120E-300E). The results are sum-
marized in Table 2 (top).

The LBM generally reproduces the teleconnection pattern
seen in Reanalysis over the North Pacific—a positive height
anomaly in P23 and P45 and a negative height anomaly is
P67 and P81. This suggests that linear dynamics are suffi-
cient, at least in part, in capturing the teleconnection pattern
over the North Pacific. P67 overall has the highest pattern
correlation between the model response and Reanalysis.
However, much of the teleconnection pattern over the U.S.
in Reanalysis is not accurately reproduced by the LBM, sug-
gesting that linear dynamics are insufficient in capturing the
full teleconnection response over the U.S. Further, for most
MIJO phases except P23, more of the teleconnection pattern
seen in Reanalysis is captured by the LBM during La Nifa
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Fig.7 a The MJO-associated anomalous 700 mb diabatic heating composited based on a November—April weighted monthly average and MJO
phase during a El Nifio days, b La Nifia days, ¢ ENSO Neutral days. Units are K day™!

days than El Nifio days with the Full Globe forcing, but vice
versa for the MJO Domain forcing.

Next, the results from the AGCM experiments are
discussed and compared to the results from the LBM
and Reanalysis. The AGCM Full Globe forcing domain
response for El Nifio days (Fig. 5b) differs slightly from
the MJO Domain (Fig. 5a) run in all phases, although the
general structure of the response is similar, particularly in
P45 and P81. In P23, the Full Globe response is shifted
eastward, while the P45 response is similar between the
two forcing runs, but the negative height anomaly spans
less area in the Full Globe response. In P67, a large posi-
tive height anomaly is found over the entirety of North
America with a center over California, but no negative
height anomaly is found in Canada as in the MJO Domain
run. The La Nifia day results in Fig. 6 show that the MJO
Domain and Full Globe forcing domain responses are
similar in structure for P67 and P81, but P23 and P45
show very different responses. The MJO Domain forcing
domain response is similar to the El Nifio days response
with a positive height anomaly over the Northwest Pacific
and a negative anomaly over the Northeast Pacific and
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Canada in P23 and a large negative anomaly spanning the
North Pacific in P45. However, in the Full Globe forcing
domain response, the negative anomalies in P23 and P45
are small and there is an eastward shifted positive height
anomaly from P23 to P45.

Overall, the responses from the AGCM Full Globe forc-
ing domain closer resemble the wave train height pattern
seen in Reanalysis for both El Nifio and La Nifa days in
the North Pacific and North Pacific America than the LBM.
This suggests that the simultaneous MJO-associated anoma-
lies in the tropics and the diabatic heating anomalies in the
midlatitudes are important for the structure of the Northern
Hemisphere teleconnection response to the MJO forcing.
Table 2 (bottom) shows the centered Pearson correlation
coefficients between the AGCM 500 mb geopotential height
response output and Reanalysis MJO-associated 500 mb
geopotential height anomalies. The AGCM modestly cap-
tures more of the teleconnection response seen in Reanalysis
over North America especially when forcing the model with
a Full Globe forcing, which supports the hypothesis that the
North American teleconnection response to the MJO forc-
ing has a significant nonlinear component. We note that the
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Table 2 Pearson correlation coefficients (centered) between the tom) for the Full Globe forcing domain experiment for El Nifio days
500 mb anomalous geopotential height in Reanalysis and the 500 mb (left) and La Nifia days (right)
geopotential height LBM response (top) and AGCM response (bot-

El Nifio days reanalysis versus LBM output pattern correlation coefficient La Nifia days reanalysis versus LBM output pattern correla-
tion coefficient

MJO domain forcing Full globe forcing MIJO domain forcing Full
globe
forcing

MIJO P23 0.13 0.34 MIJO P23 0.00 0.24
MIO P45 0.33 0.12 MIJO P45 0.27 0.19
MIO P67 0.54 0.30 MIJO P67 0.32 0.52
MIJO P81 0.02 -0.22 MIJO P81 0.29 0.19
El Niflo days reanalysis versus AGCM output pattern correlation coefficient La Nifia days reanalysis versus AGCM output pattern cor-

relation coefficient

MJO domain forcing Full globe forcing MJO domain forcing Full
globe
forcing

MIJO P23 -0.15 -0.10 MIJO P23 —0.08 0.04
MIO P45 —-0.38 0.32 MIO P45 -0.13 0.49
MIO P67 0.46 0.53 MIJO P67 0.21 0.39
MIJO P81 0.05 0.41 MIJO P81 —0.08 0.15

The correlation coefficients are computed for each MJO phase and computed over the entire Northern Pacific-North American region (20N—
65N; 120E-300E)
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coefficients are computed over the full North Pacific-North
American region for a substantial number of grid points to
be included in the spatial correlation calculation. While the
the Pearson correlation coefficients are not uniformly higher
for the AGCM responses compared to the LBM responses,
the AGCM produces more of the wave-train pattern seen in
Reanalysis and the response over North America than the
LBM.

Differences in the spatial pattern of the AGCM responses
between El Nifio days and La Nifia days for the MJO
Domain forcing domain and the Full Globe forcing domain
(Figs. 5, 6) highlight that ENSO is modulating the MJO-
associated teleconnection response in the AGCM and these
differences vary by MJO phase, which was also seen in the
LBM results (Figs. 3, 4). There are larger differences in
the Full Globe domain responses than the MJO Domain,
particularly in P23 and P67 which confirms the results that
a forcing in the midlatitudes impacts the North American
teleconnection response. While neither the LBM or AGCM
fully capture the teleconnection response to the MJO forcing
during El Nifio and La Niifia seen in Reanalysis, the differ-
ences in the response patterns suggest that the base state and
forcing based on ENSO phase play a role in the modulation
of the teleconnection pattern.

5.1 Rossby wave source analysis

To analyze the physical mechanisms underlying the ENSO
modulation of the MJO teleconnections in the modeling
framework, we analyze the so-called Rossby wave source
term. This term is derived from the linearized barotropic
vorticity equation (Sardeshmukh and Hoskins 1988) and is
given by

S ==V (v, +7,¢) 3)

where S is the Rossby wave source term, ¢ is the absolute
vorticity and v, is the divergent component of the wind,
and the overbar represents climatology and the prime rep-
resents anomalies. The Rossby wave source term is useful
for locating the origin or source of anomalous Rossby waves
via advection and stretching of the climatological absolute
vorticity by the anomalous divergent flow (first term) and
advection and stretching of the anomalous absolute vorticity
by the climatological divergent flow (second term). It char-
acterizes the relationship between the upper level divergent
flow in regions of strong convection (e.g. tropics) and the
remote circulation response in regions with a strong back-
ground vorticity gradient (e.g. subtropics and midlatitudes)
(Tseng et al. 2020; Lopez et al. 2016).

The Rossby wave source (RWS) term was calculated for
the AGCM response for the El Nifio days and La Nifia days
P23 and P67 MJO forcing for both the MJO Domain and
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the Full Globe domain shown in Fig. 9. In P23, the RWS
from an MJO Domain forcing exhibits an east—west dipole
structure over the Asian continent, while in P67, the RWS
structure has more of a north—south structure, particularly
during El Nifio days. During La Nifia days, the RWS struc-
ture is more zonally extended with higher magnitudes, con-
sistent with Tseng et al. (2020) who also found the dipole
structure varies based on MJO phase and the RWS pattern
is weakened during MJO forcings during El Nifio years. For
El Nifio and La Nifia days with the MJO Domain forcing,
the RWS extends across the North Pacific and into North
America during P23, but the RWS is much weaker in P23 for
the Full Globe Domain forcing. However, the opposite holds
true during P67 in which the RWS does not extend across the
North Pacific-North American sector with the MJO Domain
forcing, but does extend with the Full Globe Domain forc-
ing. This is evident in the weak AGCM responses for the
Full Globe forcing in P23, particularly during La Nifia days
(see Figs. 5b and 6b), suggesting that heating anomalies in
the subtropics influence Rossby wave propagation. ENSO
is found to modulate the structure and magnitude of the
RWS as well as the eastward extent of the Rossby wave
propagation.

5.2 Role of ENSO-modulated base state
versus ENSO-modulated forcing
on teleconnection pattern

The question then remains of whether the base state or
the MJO-associated forcing is the dominant driver of the
changes in the teleconnection patterns during an El Nifio ver-
sus La Nifia. To test this, a series of Swap Test experiments
were conducted in both models in which the base states are
swapped from the respective ENSO phase to a neutral ENSO
phase base state for both El Nifio and La Nifia MJO forcing.
Conversely, an ENSO Neutral days forcing was used with an
El Nifio and La Nifia days NDJFMA base state, respectively.
The MJO Domain domain was used for both the El Nifio
days and La Nifia days forcing to test direct modulation of
the MJO forcing. The first experiment (Fig. 10a) used the El
Nifio MJO forcing imposed on the ENSO Neutral base state,
and the second experiment (Fig. 10b) used the La Nifia MJO
forcing imposed on the ENSO-neutral base state. The third
(Fig. 10c) used an ENSO Neutral forcing with an El Nifio
climatological base state and the fourth (Fig. 10d) used an
ENSO Neutral forcing with a La Nifia climatological base
state. The overall structure of the response pattern is more
closely related to the response pattern with the correspond-
ing forcing, i.e. the El Nifio MJO forcing during the ENSO-
neutral base state more closely resembles the El Nifio MJO
forcing and El Nifio base state than the ENSO neutral forc-
ing with an El Nifio base state. The same holds that the La
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Nifia MJO forcing with an ENSO-neutral base state more
closely resembles the La Nifia forcing with a La Nifia base
state than the ENSO neutral forcing with an La Nifia base
state. Thus, variations in the forcing produce larger changes
than variations in the base state, indicating that the ENSO-
modulated MJO forcing has a larger influence on telecon-
nection response than the base state.

A similar set of Swap Test experiments were performed to
determine if the results from the LBM held true in the AGCM.
The results are shown in Fig. 11 and the results are consist-
ent with the Swap Test results from the LBM. The midlati-
tude teleconnection responses resemble the general structure
of the ENSO-phase based on the forcing more than the base
state, which confirms the LBM results that the MJO-forcing
modulated by the ENSO background state is dominating the
Northern Hemisphere teleconnection response. Additionally,
the ENSO Neutral forcing runs with the El Nifio and La Nifia
base state (Fig. 11c, d) are virtually indistinguishable while
the ENSO Neutral base states forced with the El Nifio and La
Nifia (Fig. 11a, b) have clear differences, as the forcing plays a
larger role in the response than the base state in these modeling
frameworks. Previous studies have also shown the importance

Rossby Wave Source Term calculated using the Full Globe Domain
forcing for El Nifio days during P23 (e) and P67 (g) and for La Nifia
days during P23 (f) and P67 (h)

of the base state in reproducing MJO teleconnections and that
biases in base state can lead to biases in MJO teleconnections
(Henderson et al. 2017; Wang et al. 2020b). The modeling
experiments in this study extend these results to directly com-
pare the role of the base state and the forcing, and while both
the base state and the forcing need to be accurately represented
to produce MJO teleconnections, these experiments show that
the MJO forcing that has been modulated by the ENSO back-
ground state creates larger differences in the response patterns
than the base state alone.

Finally, a series of experiments were run in both models
in which the base state month was held constant (i.e. January,
MIO P45, El Nifio days) while the forcing month was rotated
(i.e. November—April, MJO P45, El Nifio days) and vice versa
for the forcing month being held constant while the base state
month was rotated. Results in both models (not shown) reveal
that the models were much more sensitive to a change in the
monthly forcing than a change in the monthly base state. This
further confirms that the ENSO-modulated MJO forcing has
larger influence on the teleconnection pattern than the base
state.
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Fig. 10 LBM Swap Test Experiment: The 500 mb geopotential height
response from the LBM experiments using the MJO Domain forc-
ing domain. a shows the response from forcing the LBM with the
MIJO-associated diabatic heating during El Nifio days with an ENSO
Neutral climatological base state; b shows the LBM response to a La
Nifia days forcing with an ENSO Neutral climatological base state; ¢

6 Conclusions and summary

ENSO is known to modify the base state through which the
MJO is propagating as well as the MJO itself (Pohl and Mat-
thews 2007), but what is not fully understood is the role
that ENSO plays in modulating the MJO teleconnection pat-
tern in the Northern Hemisphere. A linear baroclinic model
(LBM; Watanabe and Kimoto 2000) and a dry atmospheric
general circulation model (AGCM; Kirtman et al. 2001)
are employed to assess how much of the MJO-associated
teleconnection response can be captured with linear and
nonlinear dynamics, respectively. We additionally look to
pinpoint the most important aspects of the role of ENSO in
modulating the extratropical teleconnection response to the
tropical forcing.

Base states are composited based on ENSO state clima-
tology for November—April. The MJO forcing used in the
model are composited based on three conditions: boreal
winter month (November—April), MJO phase (P23, P45,
P67, or P81), and ENSO phase (El Nifio, La Nifia, or ENSO
Neutral). While the models used are simplified, this study
uses a forcings that are both subseasonal and realistic in a
2-tier climate model hierarchy.

@ Springer

shows an ENSO Neutral days forcing with an El Nifio climatological
base state; d shows an ENSO Neutral days forcing with a La Nifia
climatological base state. Each panel is a weighted average of the
number of day from each month November—April used for the forcing
composite during that specific MJO phase

The extratropical response is assessed first via experi-
ments in which the LBM is forced with an MJO-associated
forcing. Results show that the extratropical response is sensi-
tive to changes in both the monthly MJO-associated forcing
and the base state. Sensitivity testing also revealed that the
MJO teleconnection response is sensitive to the domain of
the forcing. The western and central North Pacific responses
are dominated by the tropical location of the forcing, while
the eastern Pacific and North American responses are domi-
nated by the subtropical forcing.

The Northern Hemisphere anomalous 500 mb geopoten-
tial height teleconnection pattern associated with the MJO
in Reanalysis is partly captured in the LBM in the North
Pacific, but is not well captured in North America. Over-
all, the results suggest the teleconnection response over the
North Pacific is at least partly a direct linear response to
the MJO-associated forcing, but the teleconnection response
over North America is more complex.

While the LBM was not able to fully capture the MJO-
associated anomalous geopotential height response in the
Northern Hemisphere, a number of conclusions can still
be drawn about the sensitivity of the MJO teleconnection
response and the role of ENSO via the LBM experiments.



Using simplified linear and nonlinear models to assess ENSO-modulated MJO teleconnections

a) ElNifio Forcing
Neutral Base State

b) La Nifia Forcing
Neutral Base State

c) Neutral Forcing
El Nifio Base State

d) Neutral Forcing
La Nifia Base State

s ‘ . = Q’\ﬁ‘\ o | =TS e
L 9
%, . :;..f &N %o B N
N 3N
Phaseszaﬂ BN Phases 283 ’ BN BN Phases 283

20E 140E 160E 180 160W 140W 120W 100W 8OW 6OW

20E 140E 160E 160 160W 140 120W 100W BOW 60W

120E 140E 160E 180 160W 140W 120W 100W 80W 60W 120E 1

60N

4N

30

=3

Phases 485

a Q\\\)

60N 60N

4N 4N 7

30N 30!

=

S

180 160W 140W 120W 100W 80W 6OW

20E 140E 160E

2E 140E 160E 180 160W 140W 120W 100W BOW 60W

=

- =3 (\J‘\X 6N 7 >, @
- ‘ P ‘\
. 45N ; s
& Phases 67
= d s

120E 140E 160E 180 160W 140W 120W 100W 80W 6OW 120E 140E 160 180 160W 140W 120W 100W 8OW 60W
60N ” 60N

:”f
o

4N

Phases 647

20E 140E 160E

120E 140E 160E 180 160W 140W 120W 100W 80W 60W

180 160W 140W 120W 100W 80W 60W

60N

T
’ D
>, A “
45N Z s
o Phasesgﬂ’ “h

60N

4N

30N

Phases 81

120E 140E 160E 180 160W 140W 120W 100W 80W 60W 120E 140E 160E 180 160W 140W 120W 100W 80W 60W
2 = S
o D

A

i

{ Phases 8&1

120E 140E 160E 180 160W 140W 120W 100W 80W 60W

120E 140E 160E 180 160W 140W 120W 100W 80W 60W

l

120E 140E 160E 180 160W 140W 120W 100W 80W 60W 120 140F 160E 180 160W 140W 120W 100W 8OW 6OW

I

2 1.75-15-1.25 -1 0.75-05-0.25 0 025 05 0.75 1 125 1.5 1.75 2
meters

Fig.11 AGCM Swap Test Experiment: The 500 mb geopotential
height response from the AGCM experiments using the MJO Domain
forcing domain. a shows the response from forcing the AGCM
with the MJO-associated diabatic heating during El Nifio days with
an ENSO Neutral climatological base state; b shows the AGCM
response to a La Nifia days forcing with an ENSO Neutral climato-

The LBM captures differences in the responses to MJO forc-
ing during El Nifio and La Nifia, suggesting that the varia-
tions in the base state and forcing due to ENSO impact the
MJO teleconnections. Differences in the Northern Hemi-
sphere response patterns span the North Pacific and North
America and are highly variable when considering El Nifio
versus La Nifia modulation. Linear dynamics are sufficient
in capturing differences between the Northern Hemisphere
teleconnections associated with the MJO during El Nifio
and La Nifia.

The next step in the model hierarchy was the use of a dry
nonlinear atmospheric general circulation model (AGCM)
to help understand the role nonlinear dynamics play in the
ENSO-modulated MJO-induced teleconnection. The results
from the AGCM are analyzed and compared to the results
from the LBM to draw conclusions about the importance
of incorporating nonlinear dynamics for modeling MJO
teleconnections.

The AGCM uses the same climatological ENSO base
states as the LBM and forcings that are composited over
the same days as the LBM forcings following the same
triply conditional criteria: month, MJO phase and ENSO
phase. A weighted average of the monthly responses is

logical base state; ¢ shows an ENSO Neutral days forcing with an El
Niflo climatological base state; d shows an ENSO Neutral days forc-
ing with a La Nifia climatological base state. Each panel is a weighted
average of the number of day from each month November—April used
for the forcing composite during that specific MJO phase

calculated to assess the AGCM teleconnection response
for MJO phases for El Nifio and La Nifia days.

The results show that the Northern Hemisphere telecon-
nection response to MJO-associated forcing is sensitive
to the MJO phase and the forcing domain. The AGCM
Full Globe domain forcing runs capture more of the gen-
eral teleconnection pattern wave train in the Northern
Hemisphere than the LBM Full Globe domain forcing
runs, implying that nonlinear dynamics better represent
the teleconnection pattern than linear dynamics alone.
Further, nonlinear dynamics are necessary in producing
the North American height response since the AGCM
captures more of the variability over North America than
the LBM. While some features are better resolved by the
nonlinear model, in general there are important features
of observational estimates that are missed in both models.
Results from both models shows that ENSO is modulat-
ing the MJO-associated teleconnection responses since
the quasi-stationary Rossby wave train set up by the heat-
ing associated with the MJO is altered due to the ongo-
ing ENSO phase, which in turn alters the teleconnection
response. A Rossby wave source analysis reveals ENSO
modulation of the structure and magnitude of the Rossby
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wave source term in the subtropics, particularly over the
Asian continent and the West Pacific.

The modeling experiments also reveal that changes to
the base state and the MJO forcing itself due to modula-
tion via ENSO produce different teleconnection patterns
in North America. This further strengthens the argument
that subseasonal teleconnections associated with the MJO
should be considered separately for El Nifio and La Nifia
events. ENSO is not only modulating the base state, but it
is modulating the forcing associated with the MJO, which
dominates the response in varying teleconnection patterns
in the Northern Hemisphere. The LBM and AGCM experi-
ments both show that the MJO-forcing has a larger influence
over the teleconnection pattern than the base state. Thus, it is
the modulation of the MJO diabatic heating (convection) by
ENSO that dominates the ENSO-phase-dependent changes
to the Northern Hemisphere teleconnection pattern.

7 Discussion

The present study analyzes MJO teleconnections through the
lens of the ENSO background state. Other factors are known
to influence the MJO on internannual and longer timescales,
such as the QBO (Collimore et al. 2003; Liess and Geller
2012; Yoo and Son 2016). Studies have shown that the QBO
affects MJO amplitude, particularly in boreal winter, with
enhanced MJO teleconnection patterns during QBO east-
erly phases than westerly phases (Yoo and Son 2016; Son
et al. 2017) which can lead to more predictable SSW events
(Liu et al. 2014) and behavior in the extratropics (Mayer
and Barnes 2020). The QBO has also been found to impact
MIO propagation (Densmore et al. 2019; Hendon and Abhik
2018) and persistence (Lim et al. 2019) with year-to-year
variation of the subseasonal convective activity being domi-
nated by the QBO (Son et al. 2017). Further, there is poten-
tial for an asymmetry in the relationship between the QBO
and ENSO in that the QBO can affect frequency of ENSO
events (Nishimoto and Yoden 2017), which could impact the
frequency of certain Northern Hemisphere teleconnection
patterns. Additional studies could further address how the
MJO and its associated teleconnection patterns are modu-
lated by both ENSO and the QBO simultaneously. For exam-
ple, a similar approach to Liess and Geller (2012) which sep-
arated the QBO signal from the ENSO signal and applied in
Nishimoto and Yoden (2017) for ENSO-neutral years could
be extended to additionally separate the MJO signal. To
address cold and warm phases of ENSO this would reduce
sample size of days fitting the necessary criteria of MJO/
ENSO/QBO phase and would require a more intricate detan-
gling of the processes and nonlinearities. A deeper under-
standing of multiple climate modes operating on varying
temporal and spatial scales and their tropical—extratropical
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teleconnections would help improve our forecasts of oppor-
tunity (Stan et al. 2017; Mariotti et al. 2020).

The LBM does not reproduce the full Reanalysis 500 mb
geopotential height pattern, likely due to a lack of nonlin-
ear processes, particularly from transient eddies. Both the
LBM and the dry AGCM lack diabatic heating feedbacks
and moisture-convective feedbacks that are needed to bet-
ter reproduce the observational estimates (Held et al. 1989;
Hirota and Takahashi 2012; Wei and Ren 2019). While Mori
and Watanabe (2008) show that the MJO-induced telecon-
nection is dominated by linear dynamics, the results from
this study show that linear dynamics are not sufficient in
fully capturing the full ENSO-modulated Northern Hemi-
sphere teleconnection pattern, especially over North Amer-
ica. Including nonlinear dynamics via the AGCM improves
some aspects of the teleconnection response, primarily the
wave train pattern, but modestly. Future plans with the non-
linear AGCM include adding semi-stochastic processes in
interactive heating in particular.

We note that there is a strong subtropical response in the
LBM response that is not present in the AGCM output or
the Reanalysis. While the understanding for this difference
is beyond the scope of this study, we propose that nonlineari-
ties and wave-wave interactions in the system are important
for mixing and eddy stirring which could remove the rela-
tively strong subtropical-midlatitude gradients and reduces
the subtropical response.

The simplicity of both the LBM and AGCM allow for
diagnoses of physical mechanisms by stripping away com-
plex features such as moist processes, coupling between
the ocean and the atmosphere, and imposing a propagating
MIJO. However, these features should be addressed when
considering the full scope of the Northern Hemisphere MJO
teleconnection patterns and included in additional climate
model hierarchical experiments.

Appendix
Anomalous diabatic heating derivation

The following is the derivation for the conversion of precipi-
tation into diabatic heating. The variables here are written as
total variables, but taken as anomalies in Eq. 1.

We begin with the formula for total precipitable water, or
for our purposes, precipitation (precip).

precip(x, y,t) = / C(x,y,t,2)dz 4)
0
where C(p) is condensation in the water column, or the mix-

ing ratio at pressure level p in g kg™!. Applying the hydro-
static equation,
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6p_

0z = re )

where p is the density of water vapor, and g is the accelera-
tion of gravity. The equation becomes

0
. -1
precip(x,y, 1) = —/ C(x,y,t,p)dp (6)
P8 Jp,
where p; is surface pressure. Integrating over the full
column,

. P,
precip(x,y, 1) = zc(x, v, 1) @)

From the thermodynamic energy equation approximation,
we know that

. L
Q'(x,y,1) ~ C—VC(x, V. 1) 8)

p

where Q is diabatic heating, L, is the latent heat of vapori-
zation, and ¢, is the specific heat of water. Substituting for
C(x,y,t) in (4) and applying a distribution of the heating in
the vertical, we find

- L,pg .

Q' (xytp) = < - >(pr€ap(x,y,t))(f1(p)) )
pl's
where n(p) is the normalized vertical structure such that
Py

/ n(p)dp =1 10)

0
or in another form

1(p)
np)=———— 11
S i dp (v

The measurements used for Eq. 1 are as follows:

L,=2,260,00017 kg‘l; latent heat of vaporization

p = 1.0 kg m~3; density of air integrated over column
g = 9.8 m s72; acceleration of gravity

c,=41861J kg~! K~!; specific heat of water at constant
pressure

e p,=101,325 kg m~!s72; surface pressure (also can be
units Pascals).
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