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Abstract

The value of Madden-Julian oscillation (MJO) prediction for extratropical subseasonal forecasts hinges on the assumption
that reliable MJO simulation translates to reliable simulation of its teleconnections. This study examines the prediction of
the MJO and its teleconnections in two recently developed NOAA Unified Forecast System (UFS) coupled model proto-
types: Prototype 7 (UFS7) and Prototype 8 (UFSS8). The MJO is skillfully predicted at a lead time of 27 days in UFSS,
which is a considerable improvement (~one-week skill increase) compared to UFS7. The potential effect of this improve-
ment on MJO teleconnections via both tropospheric and stratospheric pathways is examined. UFS8 captures the pattern
and amplitude of the geopotential height response in the North Pacific reasonably well and its evolution following active
MJO events. The dipole response in the storm tracks over the North Pacific after active MJO events is also better captured
in UFS8. In addition, the upward wave propagation and subsequent weakening of the polar vortex are better simulated
in UFSS, with comparable strength to that in the reanalysis. Despite the notable improvements listed above, some biases
remain: too-fast MJO propagation, an underestimation of geopotential height variability in the North Atlantic and Europe,
an underestimation of the precipitation response, failure to capture the temperature evolution, and weaker MJO impacts on
the NAO. This study suggests the potential of increasing the MJO teleconnection prediction skill, although not in all vari-
ables, by improving MJO predictions in dynamical models with more coupled components and upgraded model physics.

Keywords MJO teleconnections - Subseasonal-to-seasonal forecast - UFS fully coupled model - Tropospheric and
stratospheric pathways

1 Introduction weather forecasts may be too late for satisfactory prepara-

tion. Subseasonal-to-seasonal (S2S) predictions (i.e., lead
Attempts to reduce disaster risks have relied on weather  times ranging from 2 weeks to 2 months) can be more tem-
forecasts and seasonal prediction. However, long-term sea-  porally specific than seasonal forecasts while leaving suf-
sonal forecasts may not be able to predict the exact tim-  ficient time for policymakers, water resource managers, and
ing of high-impact events while information gained from  stakeholders to better mitigate potential impacts. However,
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S2S timescales have been considered a “predictability des-
ert” with much lower prediction skill than the weather and
seasonal timescales (Vitart et al. 2014; Robertson et al.
2020). Tremendous international efforts are underway to
explore and understand sources of S2S predictability, assess
S2S prediction skill, and transfer predictability into reliable
predictions. The Madden—Julian oscillation (MJO; Xie et al.
1963; Madden and Julian 1971, 1972), which is a unique
type of organized convection-circulation coupled system
varying on subseasonal timescales in the tropics, is recog-
nized as an important source of subseasonal predictability
for midlatitude weather phenomena. The remote impacts of
the MJO on midlatitude weather and climate are known as
MJO teleconnections. Various types of weather events such
as blocking (Henderson et al. 2016), precipitation extremes
(Wang et al. 2023), atmospheric rivers (Mundhenk et al.
2018), and extratropical cyclones (Zheng et al. 2018) as
well as climate modes such as the North Atlantic Oscilla-
tion (NAQO; Lin et al. 2009) and the Pacific North American
(PNA; Riddle et al. 2013) pattern are found to be closely
impacted by tropical variations associated with the MJO.

The influence of the MJO on the extratropics occurs via
two teleconnection pathways: (1) the tropospheric pathway
through a propagating Rossby wave train in the upper tro-
posphere which, by interacting with the extratropical jets,
modulates the circulation in mid-latitudes (e.g., Seo and
Son 2012; Seo and Lee 2017) and weather and climate
over North America (e.g., Zhou et al. 2012); and (2) the
stratospheric pathway through tropospheric-stratospheric
coupling which manifests as either vertically propagating
Rossby waves associated with the MJO heating or planetary
waves produced by tropospheric MJO teleconnections that
propagate into the polar stratosphere. As the MJO can influ-
ence the conditions of the stratospheric polar vortex with
enhanced upward propagating wave activity to the strato-
sphere (Garfinkel et al. 2012), studies have shown that
the MJO can have a stronger and longer-lasting impact on
surface weather over the Euro-Atlantic region through this
“stratospheric pathway” (Schwartz and Garfinkel 2017;
Jiang et al. 2017; Green and Furtado 2019).

The theoretical MJO predictability can be up to 67 weeks
(Kim et al. 2018; Straus et al. 2023) in a perfect model sce-
nario. Although the operational MJO prediction skill, which
varies between 10 and 38 days in the global dynamical mod-
els archived in the Subseasonal-to-Seasonal (S2S; Vitart et
al. 2017) and Subseasonal Experiment (SubX; Pegion et
al. 2019) projects is still much lower than this theoretical
predictability, substantial improvement has been made in
the past few decades. Increased model resolution, upgraded
model physics, and ocean coupling have contributed to the
reduction of MJO amplitude and phase errors, leading to a
continuous improvement in prediction skill with a roughly
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1-day-per-year increase in the forecast lead time from 2002
to 2011 (Vitart et al. 2014; Kim et al. 2018). While research
and model development have primarily focused on improv-
ing the prediction skill of the MJO, less attention has been
paid to evaluating the prediction capability of MJO telecon-
nections and understanding sources of improvements to pre-
dicted MJO teleconnections.

Three recent studies discussed the prediction skill of
global MJO teleconnections in the various generations of
models that participated in the S2S project (Vitart et al.
2017; Stan et al. 2022; Kim et al. 2023). Vitart et al. (2017)
showed that at least four of the models (ECMWE, NCEP,
JMA, and BoM) are able to capture the general pattern of
500 hPa geopotential height anomalies after active MJO
phases but with a stronger amplitude in the North Pacific
and a weaker amplitude in the North Atlantic than observed
at a 10-day lead time. Stan et al. (2022) provided a com-
prehensive overview of prediction skill assessment on vari-
ous aspects of MJO teleconnections based on process-level
diagnostics including general extratropical circulations,
storm tracks, temperature, precipitation, tropical cyclones,
and meridional heat flux in a newer generation of S2S mod-
els. They find that the teleconnection magnitude tends to be
stronger than observed in the first two weeks and weaker
in the following weeks. In addition, the lead time to skill-
fully predict general patterns of the PNA is between 8 to
14 days. They also find that S2S models struggle to repre-
sent the MJO teleconnection’s stratospheric pathway. Kim
et al. (2023) compared the prediction skill of geopotential
height over the PNA region and the North Atlantic, as well
as that of surface temperature over North America, between
forecasts initialized with and without an active MJO. They
find that the extratropical skill is significantly increased dur-
ing Week 3—4 lead times when there is an active MJO east
of the Maritime Continent. Other studies have focused on
the specific impact of the MJO in a particular S2S forecast
model (Vitart and Molteni 2010; Lin et al. 2010; Schwartz
and Garfinkel 2020; Garfinkel et al. 2022; Vitart and Bal-
maseda 2024).

The ability of an S2S forecast model to reliably predict
MJO teleconnections may depend on model resolution, cou-
pling between the atmosphere and other components, model
physics, and numerous other factors. One common caveat
of the current S2S hindcast models is that they generally
lack some active model components and/or have relatively
coarse horizontal and vertical resolutions. Recent studies
have shown that in addition to ocean coupling which is the
norm for most S2S models, coupling between the atmo-
sphere and other components such as sea ice and waves can
lead to improved prediction skill on short- to medium-range
weather timescales (e.g., Brassington et al. 2015; Smith et
al. 2018; Gentile et al. 2021). Inspired by these studies, the
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National Centers for Environmental Prediction (NCEP)
developed a fully coupled (atmosphere/land/ocean/sea-ice/
wave/aerosols) Unified Forecast System (UFS) to be imple-
mented as the next-generation S28S forecasting system (e.g.,
Global Ensemble Forecast System v13, GEFSv13) at the
National Oceanographic and Atmospheric Administration
(NOAA). The development towards a fully coupled model
includes incremental upgrades in model physics, resolution,
and model components from Prototype 5 to Prototype 8.
Recent studies have investigated the changes in prediction
skill from Prototype 5 to Prototype 6 (Zheng et al. 2024;
Garfinkel et al. 2025). Yet, no assessment has been done on
the prediction skill of the MJO and its teleconnections in the
latest prototypes. This study aims to fill this gap by provid-
ing a comprehensive overview of the prediction skill of MJO
teleconnections via both a tropospheric and a stratospheric
pathway using the metrics discussed in recent studies (Stan
et al. 2022; Zheng et al. 2024; Garfinkel et al. 2025).

Prototype 8 distinguishes itself from previous prototypes
by including prognostic aerosols based on NASA’s 2nd-gen-
eration GOddard Chemistry Aerosol Radiation & Transport
(GOCART) model (Chin et al. 2003). As we will demon-
strate, there is a notable one-week improvement in the pre-
diction skill of the MJO between UFS Prototypes 7 and 8.
Hence, this analysis, which compares MJO teleconnections
between the two prototypes, presents a unique opportunity
to explore the relationship between advancements in MJO
prediction and their potential impacts on MJO teleconnec-
tions within a near-operational framework.

The remainder of the paper is organized as follows. The
forecast models, verification data, and MJO teleconnec-
tion skill metrics used in this study are described in Sect. 2.
The metrics are integrated into a Python package with a
User-friendly Interface that can be easily applied to both
operational and research studies (Stan et al. 2025a, b). The
prediction skill of the MJO and its teleconnection pathways
are discussed in Sect. 3. Section 4 provides a summary and
discussion of the results.

2 Data and models
2.1 Forecast models

In this study, reforecasts from the two latest versions of
the UFS model, Prototype 7 and 8 (hereafter referred to as
UFS7 and UFSS) are analyzed. Both prototypes consist of
atmosphere/land/ocean/sea-ice/wave coupling while UFSS8
has additional coupling with aerosols. The standard features
between the two prototypes include the Geophysical Fluid
Dynamics Laboratory (GFDL)’s Finite Volume Cubed-
Sphere (FV3) dynamical core (Putman and Lin 2007; Harris

and Lin 2013) with a horizontal resolution of C384 (~0.25°),
127 vertical layers with a model top at 80 km, the Common
Community Physics Package (CCPP)-based atmospheric
physics package with Noah-MP land model (Niu et al.
2011), the GFDL MOM®6 ocean model (Adcroft et al. 2019),
the Los Alamos CICES6 sea ice model with mushy thermo-
dynamics, and the WAVEWATCH III wave model, which
provides feedback to the atmosphere and ocean.
Differences between UFS7 and UFS8 are generally in
the model physics package: UFS8 uses the GFSv17 phys-
ics with Thompson microphysics (Thompson and Eidham-
mer 2014), while UFS7 uses the GFSv16 Physics with
GFDL cloud microphysics (e.g., Lin et al. 1983; Chen and
Lin 2013). The Thompson scheme optimizes cloud cover
and radiative fluxes and utilizes semi-Lagrangian sedimen-
tation for rain and graupel, which effectively reduces the
high biases in 3-h accumulated precipitation of less than
2.5 inches. Stefanova et al. (2022) provides a more detailed
description and results for UFS Prototypes 1-7. Upgrades
in model physics in UFS7 compared to its previous ver-
sions include (1) Unified Gravity Wave Physics (UGWP)
which consists of a set of drag parameterizations such as
the Gravity wave drag parameterization (uGWD.v1 replac-
ing uGWD.v0) to better represent the drag forces due to
subgrid-scale orographic and non-stationary sources; (2)
updates in the convection, planetary boundary layer (PBL)
and surface layer parameterizations which lead to improve-
ment in MJO intensity and propagation (Han et al. 2021);
(3) Near-Surface Sea Temperature Model (NSSTM) that
calculates a temperature profile below the ocean surface;
(4) MERRA2 aerosols (Randles et al. 2017) replacing
Optical Properties of Aerosols and Clouds (OPAC); (5)
stochastic parameterization of tropical convection using
Cellular Automata; (6) updated fractional grid compositing
and lower threshold for fractional lakes; and (7) Noah-MP
replacing Noah LSM which potentially improves the realism
of the land surface, hydrology, and atmosphere interactions.
Additional upgrades in model physics in UFSS include (1)
updates in the PBL with a modified version of the sa-TKE-
EDMF of Han and Bretherton (2019) to reduce the cold
bias in the tropical troposphere found in GFSv16 and posi-
tive definite mass flux scheme to remove negative tracers
in the PBL and cumulus convection parameterizations; (2)
updates in convection with stochastic convective organiza-
tion using Cellular Automata (Bengtsson et al. 2021, 2022)
to improve MJO and updated sa-SAS cumulus convection
developed by Kwon and Hong (2017) to improve Convec-
tive Available Potential Energy (CAPE); (3) updates in the
Noah-MP parameterization for snow, land—atmosphere cou-
pling, roughness length, and sub-grid tiling to correct UFS7
biases; (4) a shift back to the uGWD.v0 Gravity wave drag
parameterization to reduce winter high latitude warming;
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(5) optimizing the scaling of the Cellular Automata scheme
for different resolutions; and (6) turbulent orographic grav-
ity drag being turned off. UFS8 also includes additional
one-way aerosol coupling with NASA’s GOCART model
(Chin et al. 2003).

The reforecast period for both UFS7 and UFSS is from
April 2011 to March 2018 (a total of 7 years with 168 fore-
casts). The model is initialized on the 1st and 15th of each
month with a 35-day forecast period without ensemble gen-
eration. The caveats of the UFS prototypes are discussed in
detail by Zheng et al. (2024). Here, we want to emphasize
caution in interpreting the results given the limited sample
size in this relatively short reforecast period (2011-2018)
that increases the noise of variability. The noise resides not
only in the nature of baroclinic instability and non-linear-
ities in mid-latitudes but also in the varying nature of the
MJO itself. MJO episodes vary considerably in period and
phase speed, so composite diagnostics assuming a constant
phase speed may not provide the whole picture. Addition-
ally, there may be potential impacts from the slow-varying
climate modes on the results, such as the El Nifio-Southern
Oscillation (ENSO). Nonetheless, this study demonstrates
an improvement in MJO teleconnection prediction when the
fully coupled framework is enabled with updated physics,
leading to enhanced MJO prediction. The robustness of the
results needs to be tested with a larger sample size.

2.2 Verification data

The reanalysis and observational data used in this study for
the comparison with the reforecast include (1) temperature,
geopotential height, and horizontal winds from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-I; Dee et al. 2011); (2) daily pre-
cipitation from the Integrated Multi-satellitE Retrievals for
GPM (IMERG; Huffman et al. 2015); and (3) interpolated
Outgoing Longwave Radiation (OLR) data derived from the
NOAA Advanced Very High-Resolution Radiometer (Lieb-
mann and Smith 1996) product. ERA-I is selected to show
over an updated reanalysis product for consistency with the
recent studies that analyzed the S2S models and UFS Proto-
types 5 and 6 (Stan et al. 2022; Zheng et al. 2024; Garfinkel
et al. 2025), but the results are highly consistent using the
ECMWF ERAS reanalysis dataset (Hersbach et al. 2020)
given the same MJO cases in the two datasets. To allow a
consistent comparison, both the reforecast and verification
data are interpolated to 1.5° x 1.5° horizontal resolution. The
anomalies are also derived similarly: for reforecast data, the
climatology is taken for each initialization date (e.g., Jan
01, Jan 15) as a function of forecast lead times (day 1 to day
35) which is calculated separately for UFS7 and UFSS, and
then the anomalies are derived as the difference between the
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forecast field and its climatology. Limited by the reforecast
data size, climatology may be skewed by a few significant
events. To mitigate the impact on model evaluation, the
climatology of the verification data is calculated using the
same dates as in the observational record, allowing for a
consistent comparison. The verification data will be referred
to as reanalysis hereafter.

2.3 MJO teleconnection skill metrics
2.3.1 Real-time multivariate MJO (RMM) index

To quantify the propagation, location (i.e., phase), and
amplitude of the MJO, the RMM index developed by
Wheeler and Hendon (2004) is calculated as the first two
principal components of the combined empirical orthogonal
functions of 15° N-15° S averaged OLR and zonal wind
anomalies at 850 hPa (U850) and 200 hPa (U200). The
model RMM index is then derived by projecting the OLR
and wind fields onto the observed eigenvectors following the
method of Gottschalk et al. (2010). In this study, the analy-
sis focuses on forecasts initialized from November through
March when the MJO is active (RMM amplitude> 1) at ini-
tialization to enhance the signal-to-noise ratio in the results.
The sample size from MJO phase 1 to phase 8 is 2, 8, 9,
4,2, 6, 6, 9, respectively. In some tropospheric pathway
analyses (e.g., PNA circulations and storm track activity),
adjacent MJO phases are combined to enlarge the sample
size. Specific MJO phases are depicted in certain analyses,
for example, MJO phases 2—3 and 6—7 for PNA circulations
and MJO phases 3 and 7 for temperature analysis. These
phases are found to have the most significant signals in rela-
tion to that particular MJO impact and have been the focus
of most previous studies. Re-examining those phases allows
for consistent and direct comparisons with the performance
of other UFS prototypes and S2S hindcast systems (e.g.,
Stan et al. 2022; Zheng et al. 2024; Garfinkel et al. 2025).

2.3.2 MJO prediction skill

RMM indices are commonly used in the literature to exam-
ine the development of MJO biases in dynamical forecasting
systems (e.g., Kim et al. 2019; Xiang et al. 2022). Although
a caveat is that the fractional contribution of U200 to RMM
indices is considerably higher than the contribution of OLR
and U850 anomalies, leading to an overly optimistic esti-
mate of the ability of a model to predict the MJO convec-
tion (Kim et al. 2019), this index efficiently reflects the skill
and biases in MJO, especially its wind components (Straub
2013). The wind components are of great importance in
generating MJO teleconnections, as they interact with the
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mean westerly jet, as suggested by Rossby wave theory
(e.g., Sardeshmukh and Hoskins 1988; Seo and Lee 2017).

To quantify the MJO prediction skill, two metrics are cal-
culated between the reanalysis and predicted RMM indices
following Kim et al. (2018): anomaly correlation coefficient
(ACC) and root-mean-squared error (RMSE).

Yooy las (0 by (8,7) +an () by (¢,7)]

\/Z (11 (t)? +a2(1‘ \/Z

\/N t1[|a1 ) = by (t,7)[° + laz (¢) — bz (t,7)[]

ACC (1) =
b1 (t,7)% + by (t,r)ﬂ

RMSE (1

where a; and as are RMM1 and RMM?2 in reanalysis, by
and by are RMM1 and RMM2 in forecast data, t is for ini-
tialization time with a lead time of 7 days, and N is the total
number of predictions.

2.3.3 Sensitivities to the remote influence of periodic
events (STRIPES) index

The STRIPES index (Jenney et al. 2019) is employed in
this study to quantify the strength and consistency of the
regional 500 hPa geopotential height (Z500) and precipita-
tion responses to the propagating MJO. The advantage of
this index is that, instead of showing the composite anom-
aly of a field corresponding to a specific MJO longitudinal
location and lead/lag time as many studies do, the STRIPES
index compiles the composite anomalies across the entire
life cycle of the MJO and across a range of lead times into
a single, positive-definite number. A larger value of the
STRIPES index indicates a stronger dipole (i.e., displaying
both positive and negative anomalies) co-variability of the
local variable with the MJO, and hence implies a stronger
MJO teleconnection response. A more detailed description
of the STRIPES index including the definition, calculation,
and interpretation is provided by Jenney et al. (2019). We
note that the STRIPES index assumes that the MJO’s phase
speed varies between spending 5—8 days per phase.

2.3.4 Extratropical cyclone activity (storm tracks)

The extratropical cyclone activity (also referred to as storm
tracks) is quantified by calculating the filtered eddy kinetic
energy at 850 hPa (EKE850) following Yau and Chang
(2020):

EKES50(t) = %{[USE’)O(t + 24h) — U8S50(£)]” + [V850(t + 24h) — V850()]*}
where U850 and V850 represent zonal wind and meridional
wind at 850 hPa, respectively. This 24 h filter is equivalent to

a bandpass filter that highlights synoptic timescale variabil-
ity with periods of 1.2—6 days. Previous studies have shown
that this filtering method can effectively identify extratropi-
cal cyclone activities which, in the Northern Hemisphere,
are climatologically most active in the North Pacific and
western North Atlantic (e.g., Zheng et al. 2019).

2.3.5 Significance test

The significance of the results is calculated with a boot-
strapping test. The data is resampled by randomly select-
ing synthetic MJO events that have the same number as
the true composites. The bootstrapping uses 1000 samples
to obtain a sufficiently large sample size to determine the
significance. The results are significantly different from cli-
matology if the 0.1 (in the stratospheric pathway) or 0.05
(in the tropospheric pathway) confidence interval is greater
or smaller than the climatology, which indicates significant
positive or negative anomalies of the variables, respectively.
The significance shown in this study suggests a significant
difference from the observation’s or model’s own climatol-
ogy rather than the difference between the two prototypes.

3 Results
3.1 Tropospheric pathways

We first examine how the prototypes reproduce the overall
structure of the MJO and its propagation. Longitude-time
composites of reanalysis OLR and U850 anomalies aver-
aged over the tropics for active MJO events initialized dur-
ing phases 2 and 3 are shown in Fig. 1a, along with results
for UFS7 and UFS8 (Fig. 1b—c). In reanalysis, the MJO
shows a clear eastward propagation signal from the Indian
Ocean to the central Pacific. The MJO’s convective center
is co-located with low-level convergent winds. Based on the
moisture mode theory, the associated easterly winds con-
tribute to moisture recharge to the east of MJO convection
and favor its eastward propagation (e.g., Kim et al. 2017;
Ahn et al. 2020). Figure 1b—c show that the MJO eastward
propagation is generally better captured in UFS8 than in
UFS7 with the amplitude of convection and wind anomalies
closer to reanalysis and more realistic easterly winds to the
east of the active convection center. Note that the improve-
ment in the MJO is primarily in the circulation fields. On
the other hand, the MJO tends to propagate at a faster speed
in UFS8 compared to UFS7, which may potentially lead to
a degradation of NAO predictability as a fast-propagating
MJO typically results in a weak positive NAO phase (Yadav
and Straus 2017; Yadav et al. 2019, 2024). The opposite
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Fig. 1 a—c Longitude-time composites of OLR (shading; W/m?) and
U850 (contour; interval 0.3 m/s) anomalies averaged over 15° S—15° N
for active MJO events in reanalysis, UFS7, and UFS8, respectively.
The results are for events initialized during MJO phases 2 and 3. The
vertical lines indicate 120°E (approximately the center of the Maritime

MJO phases, i.e., initializations during MJO phases 6 and 7,
show similar features (not shown).

Figure 1d shows the ACC and RMSE for UFS7 and
UFS8 for active (RMM amplitude>1) MJO events at ini-
tialization. As expected, the MJO prediction skill (ACC)
decreases and the RMSE becomes larger as the lead time
increases. The ACC at 0.5 is used as the threshold to
quantify the MJO prediction skill which follows the com-
mon standard in previous studies (e.g., Rashid et al. 2011;
Vitart 2014; Kim et al. 2018). The lead time when the ACC
drops below 0.5 is approximately 19 days for UFS7, while
it extends to 27 days for UFS8. This represents a roughly
one-week improvement in the latest UFS prototype. UFSS8
performs similarly to most high-skill S2S and SubX models
as shown in Kim et al. (2018, 2019). This large improve-
ment in MJO prediction skill may benefit the model's ability
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Continent). A 5-day moving average is applied. d MJO prediction skill
for UFS7 and UFSS reforecasts initialized with active MJO events.
The prediction skill is evaluated based on ACC (solid lines) and RMSE
(dashed lines) between the model and reanalysis RMM indices. The
gray solid horizontal line indicates an ACC of 0.5

to predict MJO teleconnections (as will be discussed later).
When all MJO events (RMM amplitude>0) are computed,
the lead time when ACC reaches 0.5 reduces slightly to
18 days for UFS7 and 23 days for UFSS.

We next examine the overall MJO teleconnection predic-
tion skill using the STRIPES index for Z500 during Week
2-3. Figure 2a shows the STRIPES index for reanalysis.
The STRIPES index for Z500 exhibits a strong maximum
over the North Pacific, indicating a significant MJO influ-
ence in this region. This is where the PNA pattern is domi-
nant, consistent with previous studies that have shown the
PNA to be significantly modulated by the MJO (e.g., Mori
and Watanabe 2008; Seo and Lee 2017; Tseng et al. 2019).
The biases in UFS7 and UFS8 in capturing the observed
patterns in Fig. 2a are given in Fig. 2b and c, respectively.
In UFS7, the magnitude of teleconnection response in the
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Fig. 2 Week 2-3 STRIPES indices for Z500 for a reanalysis, b bias
in UFS7 (UFS7 minus reanalysis), and ¢ bias in UFS8 (UFS8 minus
reanalysis). The numbers indicate the spatial variance of bias over
20-90°N. d—f Evolution of STRIPES index averaged over the North

North Pacific is underestimated by more than 20 m. This
bias is largely reduced in UFS8 (Fig. 2c) with only slight
positive biases to the northeast and negative biases to the
southwest. Biases are not reduced everywhere, however.
For example, over the North Atlantic region indicated in the
figure, a slight underestimation of the STRIPES magnitude
in UFS7 is replaced by an overestimation in UFSS8. Over the
Northern Hemisphere as a whole, the bias of the STRIPES
index for Z500 is reduced by ~30% if comparing the spatial
variance of the UFS7 bias (139.95) to the spatial variance of
the UFS8 bias (93.28).

Pacific (160-220°E, 30-55°N), North Atlantic (270-340°E, 30-65°N),
and Europe (348-28°E, 32—72°N), respectively, as a function of lead
time in reanalysis, UFS7, and UFS8. These three regions are indicated
as boxes in (a—c)

The temporal evolution of 2-week overlapping STRIPES
indices over three regions of interest (the North Pacific,
North Atlantic, and Europe) as a function of lead time is
shown in Fig. 2d-f. Again, the evolution of the STRIPES
index for the North Pacific in UFS8 closely follows the
reanalysis which shows a peak at Week 23, consistent with
the time it takes for the Rossby waves to propagate from the
tropics to this region (e.g., Hoskins and Karoly 1981), and
a weakening of the response afterwards. This is a consider-
able improvement compared to the systematically weaker
response in UFS7. However, differences in bias over the
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North Atlantic and Europe are small between the two pro-
totypes. Although there is some improvement from UFS7
to UFSS8, it is not consistent throughout the forecast period.
For example, over Europe, the bias is reduced in UFS8 dur-
ing week 1-3 while week 3—5 show a similar overestimation
for both prototypes.

Next, we show the lagged composites (week 1-4) of
500 hPa geopotential height anomalies (Z500a) after MJO
phases 2 and 3 in reanalysis, UFS7 and UFSS8 over the PNA
region (Fig. 3). The response after an active MJO (RMM
amplitude>1) located over the Indian Ocean resembles
the negative phase of the PNA with a ridge over the North
Pacific and Northeastern North America and a trough near
Alaska. The evolution from Week 1 to Week 4 is mainly
characterized by changes in the magnitude of the response,
such as a weakening in the North Pacific ridge. Although
the pattern in reanalysis shown in Fig. 3a—d only includes
a limited sample size to match the UFS, it is still consistent
with previous studies (e.g., Wang et al. 2020). Both UFS7
and UFS8 reproduce the PNA pattern in Week 1 with a pat-
tern correlation greater than 0.95 (Fig. 3a, e, 1). However,
starting in Week 2, a large difference emerges between the

two prototypes. While UFS 7 has large biases such as a
notably weaker response over North America, UFSS is able
to capture the evolution of the PNA such as a southeast-
ward extension of the trough towards the North American
West Coast. The pattern correlation in Week 2 for UFSS is
greater than 0.8 while it drops below 0.5 for UFS7. How-
ever, although UFS8 is able to capture the overall pattern
in Week 2, it shows a large overestimation. In Week 3, the
pattern correlation for both prototypes decreases, although
it remains higher (0.57) for UFS8 than for UFS7 (0.42). The
drop in skill mainly comes from the trough which shifts too
far eastward in UFS8, while UFS7 begins to develop the
wrong-signed response over western North America. The
Week 4 PNA pattern is difficult to predict for both proto-
types, although it is slightly better predicted in UFS8. In
summary, UFS8 generally performs better than UFS7 in
predicting the PNA-like pattern that develops following
MIJO phases 2 and 3, especially in Week 2. This system-
atic improvement in UFS8 is not found in weak MJO cases
(RMM amplitude<0.5, figure not shown), indicating the
better performance is more likely due to improved MJO pre-
dictions and subsequent excitation of poleward propagating

Phase2&3 Z500a lag composite
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Fig. 3 Weekly averaged phase composites of 500 hPa geopotential
height anomalies (Z500a) after MJO phases 2 and 3 for the lead times
from week 1 to week 4 in a—d reanalysis, e-h UFS7, and i-1 UFS8.
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tion between the model and reanalysis over the region
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Rossby waves rather than reduced growth of biases from the
atmospheric initial conditions.

Figure 3 shows the Z500a composites, which may be
dominated by a few events with very large amplitudes.
To further examine the prediction skill of Z500a in UFS
prototypes, the pattern correlation over the PNA region is
calculated for individual samples and then an average is
taken across those samples. The results for MJO phases
2-3 and 6-7 are shown in Fig. 4, along with the skill in
predicting the teleconnection amplitude (measured by the
relative amplitude between reforecast and reanalysis). The
prediction skill in the teleconnection pattern decreases with
increasing lead time as expected. Similar to the S2S models
(Stan et al. 2022), the pattern correlation drops below 0.5
during Week 2. The skill in both prototypes falls within the
range of the S2S models, which is between 8 and 13 days.
No systematic improvement across lead times is found from
UFS7 to UFS8. Both prototypes show large biases in the
teleconnection amplitude. UFS7 overestimates the magni-
tude of response across most lead times. In UFSS, the tele-
connection response is generally weaker than reanalysis for
the first two weeks (relative amplitude<1), but becomes

Fig. 4 Pattern correlation coef- a) Phase 2&3

P L |

stronger than reanalysis in Week 3-4 (relative ampli-
tude>1). A difference is found between Fig. 4 and Fig. 2,
in that the analysis based on the STRIPES index (Fig. 2)
indicates a systematic underestimation of the amplitude in
UFS7, whereas the relative amplitude metric (Fig. 4) sug-
gests an overestimation of the amplitude. The possible
causes of this discrepancy are investigated by changing the
calculation domain and method. The results (not shown)
suggest that the inconsistency is most likely due to differ-
ences in the calculation method, e.g., the STRIPES index
is calculated based on composites while the pattern CC and
relative amplitude metrics apply to individual events.
Figure 5 shows the relationship between the MJO and the
extratropical storm tracks measured by EKE850 in Week
3—4. During MJO phases 8-1, a strong enhancement in
storm track activity is seen near northeastern North Amer-
ica in reanalysis. Both prototypes have difficulty capturing
these features and overall, the response in storm activity at
Week 34 lead times after these two MJO phases is poorly
predicted (pattern correlation is 0.14 in UFS7 and 0.06 in
UFSS). The bias largely comes from the overestimation of
changes over the North Pacific and an eastward shift of the
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Fig. 5 Week 34 composites for anomalous extratropical cyclone
activity (EKE850) after different MJO phase combinations in top)
reanalysis, middle) UFS7, and bottom) UFS8. The significance at the

increased storm activity over the North Atlantic. When the
MJO is located over the Indian Ocean in phases 2-3, the
storm activity response in reanalysis is relatively weak, with
a slight increase over most of the North Pacific and a slight
decrease over the North Atlantic, both of which are gener-
ally not significant. UFS8 performs better than UFS7 in cap-
turing the MJO-storm track relationships, especially for the
decrease in storm activity over the North Atlantic. The east—
west dipole response in storm tracks over the North Pacific
is also better captured in UFS8 albeit with large biases in
the amplitude. MJO phases 4-5 tend to have the strongest
impact on storm tracks which show an east-west dipole
response over the North Pacific featuring increased activity
in the eastern part of the storm track and decreased activ-
ity in the western part, suggesting an eastward shift of the
storm track. This response is accompanied by a widespread
weakening of storm activity over most of North America

@ Springer

0.05 level is indicated by the hashing. The pattern correlation between
reanalysis and the model results over the extratropics (20—-80° N) is
shown in the upper right corner of each plot

and the North Atlantic. Again, UFS8 appears to better cap-
ture the pattern shown by reanalysis, and the improvement
in prediction skill largely stems from better predictions over
the North Pacific. The dipole response is still observed after
MJO phases 6—7 in both the North Pacific and North Atlan-
tic, in which case a weakening of storm tracks is expected
over most of the North Pacific and a southward shift is seen
over the North Atlantic. Both prototypes have difficulty
reproducing the relationships between the MJO and storm
tracks for MJO phases 67, especially for the North Atlantic.
Generally, for MJO phases 2—5, UFS8 outperforms UFS7
in capturing the dipole response over the North Pacific.
This greater improvement in prediction skill over the North
Pacific in comparison to the other regions is consistent with
the results from the STRIPES index (Fig. 2).

The sensitivity of Northern Hemisphere precipitation
to the MJO forcing is examined with the STRIPES index
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applied to precipitation and shown in Fig. 6. The strongest
MJO teleconnection signal for extratropical precipitation
falls within the North Pacific and North Atlantic storm
track regions. Both prototypes underestimate the precipita-
tion response over the ocean and slightly overestimate the
response over much of North America. The evolution of
the STRIPES index from Week 1-2 to Week 4-5 clearly
shows underestimation in the North Pacific, North Atlantic,
and Europe regions across lead times. The underestimation,
however, is slightly improved in UFS8 compared to UFS7,
especially over the North Pacific during the first half of the
forecast period.

Figure 7 shows the composites of Week 3 and Week 4
surface temperature anomalies after MJO phases 3 and 7.
When the MJO is located over the Indian Ocean (phase 3),
significant cold temperature anomalies are observed in the
Arctic region, and warm temperature anomalies are pres-
ent over Europe. In North America, cold anomalies are
present over the United States (US) West Coast and warm
anomalies to the north. This temperature response is gener-
ally persistent out to Week 4, with changes mainly in the
amplitude which tends to be stronger and a zonal expansion
of the warm anomalies. A comparison between UFS7 and
UFSS indicates that UFS7 better captures the sign, ampli-
tude, and approximate locations of Week 3 temperature

a) IMERG 12
T
o - 10 >
Europe P B s
60°N £
6 E
2t § 4 ;‘:ﬂ
120°E 180° 120°W 60°W 0° 60°E g =
b) UFS7 Bias, 02: 1.46 3 ~
2 >
©
1
° S
60°N 4 0 §
o -1
o k o
30°N A =~ 5 &
120°E 180° 120°W 60°W 0° 60°E -
c) UFS8 Bias, 02: 1.32 3 ~
2 >
M 1 e
> N. Pacifi 1S
60°N acCITIC . 0 g
: . -19
300N < § :\ 2 E
_ Y S| =
120°E 180° 120°W 60°W 0° 60°E -3
___d) N. Pacific e) N. Atlantic f) Europe
=5 5 5
>
g, ’—'\—/ 4 4 — IMERG
T ——
E | T—<I—"1 — UFS7
g 3 T —— 34 g i | 34 _\‘\__ UFS8
(V2]
Lo 2- 2 wa—
Ioa
G 1 T T T T 1 T T T T 1 T T T T
g A Pe o 5 3 o) g 5 2 3 D 5
\*““\' \*““1 @"3 \N“"D‘ \?\““\ \*““1 W“q) \N“‘D‘ @‘“\' \*“"1 \N““O) \v\““b‘

Fig.6 As in Fig. 2, but for precipitation
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Fig. 7 Composites of 2 m temperature anomalies in Week 3 and Week
4 after MJO (left two columns) phase 3 and (right two columns) phase
7 in reanalysis (top), UFS7 (middle), and UFS8 (bottom). Dotted areas

anomalies over North America and the Arctic as seen in
reanalysis. UFSS8, on the other hand, forecasts erroneous
too-strong cold anomalies for most of the western US. The
degradation of MJO teleconnections seen in UFS8 may be
related to the faster propagation of the MJO over the Indian
Ocean compared to UFS7 (Fig. 1), which will result in a
weak positive NAO phase. Both prototypes fail to capture
the positive anomalies over Europe (an issue relevant to the
teleconnection stratospheric pathway that will be discussed
in the next section) but reproduce the general persistence of
temperature anomalies from Week 3 to Week 4.

In reanalysis, the temperature response after MJO phase
7 shows a sign reversal over North America from Week 3
to 4 (from cold anomalies to warm anomalies). Both pro-
totypes struggle to forecast this reversal with the correct
sign as they both show an opposite response than reanalysis
in Week 3. In Week 4, UFS7 forecasts erroneous negative

@ Springer

Phase 7

020  UFS?7

denote anomalies that are statistically significant at the 0.05 level based
on a bootstrap resampling calculation. Numbers in the upper right cor-
ners show the pattern correlation between reforecasts and reanalysis

temperature anomalies over North America, while the nega-
tive anomalies shrink to the north in UFSS, and southern
North America is replaced by weaker-than-reanalysis posi-
tive anomalies.

In summary, with a better MJO prediction in UFSS8
(Fig. 1), a noticeable improvement in capturing the geo-
potential height response with realistic amplitude over the
North Pacific (Fig. 2), the PNA-like pattern and its evo-
lution (Fig. 3), a dipole response in storm tracks over the
North Pacific after MJO phases 2-5 (Fig. 5) are found in
UFS8 than in UFS7. This improvement, however, could be
dominated by a few strong events as the pattern correla-
tion of geopotential height response over the PNA region
for individual events does not show significant differences
between the two prototypes (Fig. 4). UFSS also has slightly
better skill in predicting the precipitation response at all lead
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times and the temperature response in Week 4 than UFS7
(Figs. 6, 7).

3.2 Stratospheric pathway

In this section, we discuss how the UFS prototypes capture
the MJO stratospheric pathway including upward propagat-
ing wave activity from the troposphere into the stratosphere,
changes in the polar vortex, downward wave propagation,
and the subsequent changes in climate modes.

As a proxy for upward wave propagation from the tropo-
sphere to the stratosphere, meridional eddy heat flux (v/77)
from 40° to 80°N is calculated, where v is the meridional
wind and T is temperature, and the prime denotes the devia-
tions from the zonal mean. Hence, the eddy heat flux corre-
sponds to the heat transported northward by eddies. Figure 8
shows the wavenumber-1 and wavenumber-2 meridional
heat flux anomaly at 500 hPa and 100 hPa during Week 1 to
Week 5 after each active MJO phase. In reanalysis, positive

anomalies of wavenumber-1+2 heat fluxes are present dur-
ing Week 1-3 at 500 hPa and Week 2—4 at 100 hPa after MJO
phase 5, which correspond to increased planetary wave flux
entering the stratosphere. Corresponding to the increased
heat fluxes in the stratosphere, the stratospheric polar vortex
is weakening 4—5 weeks after MJO phase 5. Both prototypes
simulate the increased heat fluxes in the troposphere fol-
lowing MJO phases 4—5. UFS8 better captures the increase
in heat fluxes in the lower stratosphere after MJO phase 5
than UFS7, whose maximum positive heat flux anomalies
are present in Week 3 after MJO phase 4 and are less pro-
nounced than in UFS8 and reanalysis. Comparing the first
two rows in Fig. §, the strong heat flux at 500 hPa is mainly
dominated by its wave-1 component in both prototypes and
reanalysis. Given the weaker heat fluxes after MJO phases
4-5 in UFS7, the weakening of the polar vortex in UFS7
is less pronounced than in UFSS8 and reanalysis (Fig. §j, k,
1), and its negative anomaly is biased to peak in Week 3—4
following MJO phase 4 (Fig. 8k). Besides, both prototypes
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Fig. 8 November—-March wavenumber-1 component of meridional
heat flux (v/7'7) anomalies averaged over 40—80° N at 500 hPa (first
row), wavenumber-1 and wavenumber-2 meridional components of
meridional heat flux anomalies at 500 hPa (second row) and 100 hPa

(third row), and zonal-mean zonal wind anomalies at 10 hPa over
60° N (U1060; fourth row) following MJO phases 1-8 for reanalysis
(left), UFS7 (middle), and UFS8 (right). Yellow dots indicate anoma-
lies statistically significant at the 0.1 level based on the bootstrap test
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reproduce the positive anomaly of the polar vortex strength
in Week 1-5 after MJO phases 2-3. In general, UFSS8 better
predicts the upward wave propagation and the weakening
of the polar vortex, with comparable strength to reanalysis.
To further look into the different responses of the strato-
spheric polar vortex after MJO phases, Fig. 9 shows the
distribution of zonal-mean zonal wind at 10 hPa and 60°N
(U1060) during Week 1-2 and Week 3-5 after MJO phases
1-2 (blue) and MJO phases 5-6 (yellow), respectively, as
in Stan et al. (2022). The distribution of U1060 following
MIJO phases 5-6 (yellow) shifts to weaker vortex strength
during Week 1-2 and Week 3—-5 compared to that follow-
ing MJO phases 1-2 (blue) in reanalysis, as indicated by
the differences in the mean, 5th, and 95th percentile of
U1060, consistent with other subseasonal prediction models
(Domeisen et al. 2020). This shift indicates that a weaken-
ing of the stratospheric polar vortex occurs more frequently
after MJO phases 56 than after MJO phases 1-2. The dis-
tributions of the polar vortex strength in UFS7 and UFS8
are comparable to those of the reanalysis during the first
two weeks, as evident from the means and 5th and 95th
percentiles of U1060. However, differences in the distribu-
tions of U1060 between the two prototypes and reanalysis
become larger at longer lead times during Week 3—5. The
polar vortex strength simulated by UFS7 is weaker than the
reanalysis and UFS8 after MJO phases 1-2, as shown in the

mean values of U1060. On the other hand, the polar vortex
strength simulated by UFS8 after MJO phases 5-6 in Week
3-5 has smaller variations and overall weaker magnitude
(as indicated by the mean values and 95th percentile of
U1060) than UFS7 and reanalysis. Together, the differences
between the polar vortex strength after MJO phases 5—6 and
1-2 are smaller in UFS7 and larger in UFS8 in Week 3-5
compared to reanalysis. In general, compared to S2S mod-
els in Stan et al. (2022), UFSS tends to better simulate the
difference in the mean of polar vortex strength distributions
between MJO phases 5-6 and 1-2.

The anomalous conditions of the winter stratospheric
polar vortex can have a downward impact on surface
weather, particularly over the North Atlantic and European
regions. For instance, the weakening of the polar vortex is
typically followed by a negative phase of the NAO (e.g.,
Charlton-Perez et al. 2018; Domeisen 2019). The downward
coupling with the tropospheric circulation in response to the
MJO is diagnosed with the polar cap and the Euro-Atlantic
sector geopotential height responses in Fig. 10. Positive
anomalies indicate a negative phase of the Northern Annu-
lar Mode (NAM) and NAO, which is often accompanied
by anomalously weak polar vortex events such as sudden
stratospheric warmings (Baldwin et al. 2021). An increase
in polar cap height is observed 3—5 weeks after MJO phase
5 at 10 hPa (Fig. 10a) and in Week 1-5 after MJO phases

ERA-i UFS7 UFS8

Week1-2 Week1-2 Week1-2

0.4 ; ; 0.4 : ; 0.4 . ;

! . MO12 ' mm MO12 ! . Mj012
> 031 ! - ) Mjos56 | 0.3 : 1 M056 | 0.3 1 : ) MJO56
& 1 1 1 1 1
S 02 il ! 0.2 - ! il ! 0.2 1
g : : |
w01 0.1+ 0.1 A

0.0 - 0.0 - ; 0.0 :
—20 0 20 40 60 80 -20 0 20 40 60 80 -20 0 20 40 60 80

U1060 [m/s] U1060 [m/s] U1060 [m/s]

Week3-5 Week3-5 Week3-5

0.4 : : 0.4 0.4 ;

! . MO12 MjO12 mm MO12
> 03 : [ Mo56 | 0.3 M056 | 0.3 [ MO56
= 1 1 I
3 021 . : 0.2 1 0.2
&' I 1
T 01 — . 0.1 0.1

0.0 - . 0.0 - 0.0 |
—20 0 20 40 60 80 20 0 20 40 60 80 -20 0 20 40 60 80
U1060 [m/s] U1060 [m/s] U1060 [m/s]

Fig. 9 Histograms of zonal-mean zonal wind at 10 hPa over 60° N
(U1060) for forecasts during week 1-2 (top) and week 3-5 (bottom)
following MJO phases 1-2 (blue) and phases 5-6 (yellow). The solid
blue and yellow lines indicate the mean values of U1060 during phases
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1-2 and 5-6, respectively. The dashed blue and yellow lines indicate
the 5th and 95th percentile of U1060 during MJO phases 1-2 and 5-6,
respectively
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Fig. 10 November-March geopotential height anomalies averaged
over the polar cap at 10 hPa (first row), 100 hPa (second row), 300 hPa
(third row), and averaged over the subpolar North Atlantic at 500 hPa

5-6 at 100 and 300 hPa (Fig. 10d and g), corresponding to
the weakening of the polar vortex. UFS8 simulates a more
realistic polar-cap averaged geopotential height response
after MJO phases 5-6 than UFS7 in both the stratosphere
and troposphere (Fig. 10c, f, and i), consistent with the
downward impacts of the weakening of the polar vortex.
While UFS7 simulates the maximum positive polar-cap
height anomalies in Week 4-5 in both the stratosphere and
troposphere (Fig. 10b, e, and h), which is different from
UFS8 and reanalysis, it does capture the negative phase of
NAM following MJO phase 6 (Fig. 10b). UFS8 captures the
observed pattern well but overestimates the magnitude of
the response in Week 1-5 after MJO phase 6 at both 100 and
300 hPa (Fig. 10f and i). In terms of the changes over the
Euro-Atlantic sector, which represent changes in the NAO,
a negative phase of the NAO is observed 1-4 weeks after
MJO phase 6 and 45 weeks after MJO phase 5 (Fig. 10j).
Both prototypes reproduce the positive response over the

(fourth row), following MJO phases 1-8 for reanalysis (left), UFS7
(middle), and UFS8 (right). Yellow dots indicate anomalies statisti-
cally significant at the 0.1 level based on the bootstrap test

North Atlantic sector in the troposphere in Week 1-5 fol-
lowing MJO phase 6 and in Week 5 following MJO phase
5 with biases in the magnitude. UFS8 produces a stronger
response in Week 5 following MJO phase 5 and a weaker
response in Week 1-3 following MJO phase 6 than in
reanalysis (Fig. 101), while the response is systematically
weaker in UFS7 (Fig. 10k). In general, UFSS8 better captures
the downward propagation of the MJO stratospheric path-
way while both prototypes underestimate the MJO impacts
on the NAO in Week 1-3. Compared to other prototypes
(Garfinkel et al. 2025), the UFS8 performs better in predict-
ing the upward wave propagation, changes in the polar vor-
tex, and downward coupling, and shows comparable skill in
predicting the MJO impacts on the NAO.

As indicated by Figs. 8, 9 and 10, both the upward and
downward couplings are simulated well by UFSS, although
the downward coupling near the surface has large biases in
its magnitude. This bias is also reflected in the near-surface
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temperature response in Fig. 7: a hallmark of a negative
NAM (as is observed in Week 3—4 after MJO phase 7) is a
cold temperature anomaly over Northern Europe extending
into Siberia, and warm temperatures over Greenland and the
Middle East (Butler et al. 2017). Both prototypes miss this
response and predict a response opposite to reanalysis for
Week 3—4 after MJO phase 3.

Next, we assess whether the bias in the amplitude of
the response seen in Fig. 10 is specific to the MJO, or a
more general problem that S2S models have in capturing

downward coupling from the stratosphere. Figure 11 shows
the persistence of the lower stratospheric temperature anom-
alies by associating polar cap temperature at 100 hPa with
temperature at a 2-week lag. Persistent lower stratospheric
anomalies are essential for the continuous forcing of the
troposphere. UFS7 and UFS8 are found to underestimate
the maintenance of the polar cap temperature signals. In
addition, the general impacts of the polar vortex on the tro-
pospheric circulation in the Atlantic are examined by com-
paring polar cap height at 100 hPa with height anomalies

downward coupling
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Fig. 11 (left) Association between polar cap temperature anomalies
from Week 2 and 3 to the corresponding anomalies 2 weeks after,
which indicates the persistence of the lower stratospheric anomalies.
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Table 1 Summary of model performance in predicting the MJO and
MIJO teleconnections

Metrics Comparison
MJO RMM index Skillful prediction in ACC increases
from 19 days in UFS7 to 27 days
in UFS8
Propagation and Faster propagation speed in UFS8
amplitude than in UFS7; Weaker MJO in both
prototypes
MJO 7500 STRIPES The weaker response over the North
telecon- index Pacific in UFS7 is largely improved
nections- in UFS8 with realistic amplitude;
tropo- No systematic improvement over
spheric the North Atlantic and Europe
pathway PNA Better performance in UFS8 than
evolution UFS7
Pattern No systematic improvement is
CC and found across lead times from UFS7
relative to UFS8; Both prototypes show
amplitude large biases in the amplitude
Extratropical UFS8 outperforms UFS7 in terms of
cyclone activity capturing the dipole response over
the North Pacific after phases 2—5
Precipitation The underestimation of precipita-
tion response is slightly improved in
UFS8 than in UFS7
T2m Slightly better performance in Week
4 forecasts in UFS8 than in UFS7,
but degradation in week 3 forecasts
in UFSS8 after phase 3; Both pro-
totypes fail to capture the positive
anomalies over Europe
MJO Upward wave UFS8 better predicts the upward
telecon-  propagation wave propagation and the weak-
nections- ening of the polar vortex than
strato- UFS7, with comparable strength to
spheric reanalysis
pathway Downward UFSS better captures the down-
coupling ward propagation of the MJO

stratospheric pathway while both
prototypes underestimate the MJO
impacts on the NAO in weeks 1-3

at 500 hPa over the Atlantic. Both models are capable of
capturing the general downward coupling. Thus the rela-
tively poor simulation of the NAO response to the MJO in
these prototypes is not related to a struggle in predicting
the downward response over the North Atlantic region but
rather related to the poor simulation of the vortex persis-
tence and/or internal variability.

4 Summary and discussion

The MJO is recognized as an important source of subsea-
sonal predictability due to its dominant variations on intra-
seasonal timescales, significant impacts on global weather
and climate phenomena, and potentially high predictabil-
ity out to 6 weeks. This study is focused on examining the

degree to which an improved MJO prediction may lead to
changes in the prediction skill of MJO teleconnections in
the recently developed high-resolution fully coupled model
(UFS8), which includes atmosphere, land, ocean, sea-ice,
wave, and aerosol components, in comparison to the previ-
ous model generation (UFS7). This comparison enables a
better understanding of how much a more comprehensive
coupling process between different model components along
with the updated physics packages may influence the model
capability of predicting the MJO and its teleconnections,
and how the better predicted MJO influences the model skill
in capturing MJO teleconnections. This study can also be
used as a reference for 1) applying various MJO telecon-
nection metrics to the operational systems to quantify the
prediction skill and 2) a comprehensive update of the recent
advances in MJO teleconnection prediction by examining
both the tropospheric and stratospheric pathways.

Table 1 provides a summary of the model performance
in capturing the MJO and MJO teleconnections in compari-
son between UFS7 and UFSS. The overall MJO prediction
skill measured by the correlation of predicted and observed
RMM indices improves from 19 to 27 days from UFS7 to
UFSS8, which is comparable with the high-skill models in
the S2S and SubX datasets. Forecasts of MJO teleconnec-
tions are then investigated to examine how this improved
MJO prediction skill impacts the skills of MJO teleconnec-
tions. UFS8 realistically predicts the evolution of the PNA
after an active MJO event, while large biases exist in UFS7.
The above improvement shown in the composites is not
found when measuring pattern correlation separately using
individual MJO events, suggesting that one or two strong
events may be contributing to the improvement seen in
UFSS. For the stratospheric pathways, UFS8 better captures
the upward and downward wave propagation but underesti-
mates the MJO impacts on NAO, which may be due to the
fact that it struggles to maintain the polar cap temperature
signals and has a large spread in the predicted values (the
same in UFS7). Alternatively, even if downward coupling is
handled well by a model in general, that does not imply it is
capable of distinguishing whether a particular event or set of
events will have a tropospheric impact (Nebel et al. 2024).
In summary, the results show that an increase in MJO pre-
diction skill tends to translate to a similar increase in predic-
tion skill of the geopotential height and storm track response
over the North Pacific, while predictions in the downstream
regions (North Atlantic and Europe) show no significant
improvement. Predictions of precipitation and temperature
also do not discernibly benefit from an improved MJO. In
terms of stratospheric processes, a skill increase in MJO-
associated upward wave propagation and the following
weakening in the polar vortex is detected with an improved
MJO prediction. However, the MJO-NAO relationships are
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not captured very well by the model, which may be related
to the too-fast MJO propagation in the model as implied by
the previous studies.

By comparing the results of UFS8 with Zheng et al.
(2024) and Garfinkel et al. (2025) who examined the UFS5
and UFS6, further improvement in MJO teleconnections
include: (1) Better predicted MJO with higher predic-
tion skill if measured by the RMM indices (about 4 days
improvement); (2) More realistic evolution of PNA response
and more realistic magnitude of the teleconnection response
over the North Pacific; 3) Weakening in polar vortex with
strength comparable to reanalysis and correct prediction of
the lead time that shows the increased positive heat fluxes
in the troposphere. Here, we mainly compare the results
across different UFS generations to allow a consistent and
fair comparison rather than comparing with S2S or SubX
datasets which have different forecast periods and initializa-
tion dates.

As part of the upgrades from UFS7 to UFSS, the micro-
physics packages are updated from GFSv16 Physics with
GFDL Cloud Microphysics Scheme in UFS7 to GFSv17
Physics with Thompson Microphysics Scheme in UFS8.
The microphysics could be particularly relevant to the MJO
and its teleconnections; therefore, how this difference in
microphysics may potentially influence MJO teleconnec-
tions is tested. We performed single-column model experi-
ments using the two physics packages. Figure S1 illustrates
the specific humidity tendency, considering contributions
from microphysics alone and from all physics processes
(moist convection, microphysics, and others). It is noted that
although two different microphysics schemes exhibit some
differences, their combined contribution to the total ten-
dencies has no notable impact. This suggests that changes
due to different microphysics packages may not have a sig-
nificant impact on MJO teleconnections. This result is not
entirely surprising because parameterizations are tuned to
emulate observed bulk statistics.

In addition to the MJO-related stratospheric processes
examined in this study, we also investigated troposphere-
stratosphere coupling more broadly in the two prototypes.
Here, we discuss the upward coupling, its modulation on
the polar vortex, and the downward coupling within the
stratosphere. Figure S2 compares the wavenumber-1 and
wavenumber-2 heat flux at 500 hPa with heat flux 3 days
after at 100 hPa. A linear relationship around 0.4 is observed
in reanalysis, which is realistically captured in UFS§ but
largely underestimated in UFS7. This suggests that the cou-
pling between the stratospheric waves and their precursors
is well captured by UFS8. UFS8 also has the best perfor-
mance in predicting upward coupling when compared with
UFS5 and UFS6 (Garfinkel et al. 2025). The influence of
the meridional heat flux on the polar vortex is indicated in

@ Springer

Fig. S3 by associating the wavenumber 1+2 heat flux at
100 hPa with the tendency in polar cap height. Similar to
previous UFS prototypes, UFS8 captures the linear relation-
ship well but overestimates the impact on the vortex (higher
value of the slope compared to reanalysis). The downward
coupling within the stratosphere is shown in Fig. S3. UFS8
reproduces the weakening of the vortex at 100 hPa follow-
ing three days after a weakening of the vortex at 10 hPa.
In general, UFSS realistically captures the upward coupling
from the troposphere to the stratosphere and downward
propagation in the stratosphere but overpredicts the wave
impacts on the polar vortex.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00382-0
25-07783-9.
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