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Abstract

This study continues the evaluation of the prediction of MJO teleconnections in two versions of the NOAA Unified Fore-
cast System (UFS): prototype 5 (UFS5) and prototype 6 (UFS6). The key difference between the two prototypes is in the
number of vertical layers (127 in UFS6 vs. 64 in UFSS5) and model top (80 km in UFS6 vs. 54 km in UFSY), and the role of
this increased resolution for the stratospheric pathway of MJO teleconnections is explored. The higher resolution prototype
(UFS6) displays larger biases in its representation of tropospheric stationary waves, though both simulate a reasonable flux
of wave activity entering the stratosphere. The stratospheric polar vortex in both prototypes is overly-sensitive to incom-
ing wave activity, while both simulate a reasonable downward propagation of vortex anomalies within the stratosphere and
down to the troposphere. The net effect is that both simulate the stratospheric pathway of the MJO better than has been
documented for any forecasting system, though the hindcast period available for UFS differs from that used in previous
studies. This allows them to predict, e.g., near-surface temperature over Eurasia with some skill on subseasonal timescales
(week 3 to 5). However, this success could be the result of “two wrongs making a right”, and as individual biases are fixed,
skill could temporarily be reduced. Overall, the two prototypes show similar performance in simulating the stratospheric
route, suggesting that in the UFS, the increase in model vertical resolution has a limited impact on the prediction of MJO

teleconnections via the stratosphere.
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1 Introduction

Stratospheric variability exerts an important influence on
surface weather and climate (Baldwin and Dunkerton 2001).
In particular, extreme conditions of the winter stratospheric
polar vortex, such as sudden stratospheric warming (SSW)
(Baldwin et al. 2021) events, can lead to anomalous surface
weather that can persist for several weeks. This influence is
particularly pronounced over the North Atlantic / Europe
region (Butler et al. 2017). In particular, SSW events are
preferably followed by a negative phase of the North Atlantic
Oscillation (NAO) (Charlton-Perez et al. 2018; Domeisen
2019), which is associated with cold spells in northern
Europe and anomalously high precipitation in the Mediter-
ranean region (Garfinkel et al. 2017; Kretschmer et al. 2018;
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Domeisen and Butler 2020). The opposite signal is gener-
ally observed in the weeks following strong vortex events
(Limpasuvan et al. 2005). Hence, the stratospheric influence
can enhance the predictability of surface weather follow-
ing extreme stratospheric events on subseasonal to seasonal
(§82S) timescales of weeks to months (Domeisen et al. 2020;
Scaife et al. 2022). The stratospheric extreme events that
can cause such surface impacts are, however, difficult to
predict themselves in a deterministic sense on timescales
longer than about a week (Domeisen et al. 2020; Chwat et al.
2022). However, certain phenomena in the climate system
can change the probability of extreme stratospheric events,
and hence change the odds for anomalous surface weather.

One such precursor that can change the stratospheric
evolution is the Madden-Julian Oscillation (MJO), a dipole
of anomalous enhanced/suppressed convection that propa-
gates eastward across the tropical Indian and West Pacific
oceans in about 40 days with a coupled circulation that
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circumnavigates the equator (Madden and Julian 1971).
Studies have shown that the MJO exerts an influence on the
stratosphere. This so-called “stratospheric pathway”, in turn,
establishes a means by which the MJO can impact surface
climate in the North Atlantic and Europe (Schwartz and Gar-
finkel 2017; Jiang et al. 2017). While a tropospheric pathway
for this region exists (L"Heureux and Higgins 2008; Lin and
Brunet 2018; Fromang and Riviere 2020), the impacts of the
MJO in the Euro-Atlantic region are stronger and longer-
lasting if the stratospheric pathway is activated as well
(Schwartz and Garfinkel 2017; Green and Furtado 2019).

The stratospheric pathway begins with a deepened low in
the western and central North Pacific during the MJO phase
with enhanced convection in the West Pacific (MJO phase
6/7 as diagnosed by the RMM index of Wheeler and Hendon
(2004), with largely opposite impacts for the opposite MJO
phase (MJO phase 2/3). This deepened low pressure system
constructively interferes with the climatological wavenum-
ber-1 trough that is present in the North Pacific, and subse-
quently leads to enhanced upward propagating wave activity
entering the stratosphere (Garfinkel et al. 2012, 2014). This
enhanced wave activity weakens the vortex, and subse-
quently leads to a negative Northern Annular Mode (NAM)
and NAO signal down to the surface (Schwartz and Gar-
finkel 2017). Further, the MJO has been shown to enhance
the predictability of the stratosphere and the NAO on S2S
timescales (Lin et al. 2010; Garfinkel and Schwartz 2017).

This relationship between tropical MJO convection, the
Arctic stratosphere, and the extratropical surface climate is
not sufficiently represented in many models. In particular,
model biases in the representation of the MJO itself and its
tropospheric teleconnection (Vitart 2017; Kim et al. 2018;
Stan et al. 2022), in extratropical stationary waves (Schwartz
et al. 2022) and in the stratospheric polar vortex (Lawrence
et al. 2022), can limit the representation of this pathway in
models. None of the subseasonal forecasting models consid-
ered in Schwartz et al. (2022) or in Stan et al. (2022) were
able to simulate the entirety of the stratospheric pathway,
though several were able to simulate the first few compo-
nents of the pathway (e.g., enhanced wave flux and a weak-
ened vortex for MJO phase 7).

A range of S2S models still use low model tops (i.e.,
below the stratopause) and coarse vertical resolution in the
stratosphere (Domeisen et al. 2020), which is likely one
of the reasons for a poor representation of stratospheric
pathway teleconnections. Model intercomparison studies
have shown that low-top models generally have a less well
represented stratosphere with larger biases in polar vortex
strength and in the frequency and predictability of strato-
spheric extreme events (Lawrence et al. 2022). On seasonal
timescales, the pathway of tropical forcings such as the El
Nifio Southern Oscillation is less well represented in low-
top models (Butler et al. 2016). On subseasonal timescales,
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a clean intercomparison where the only difference between
models is the vertical resolution has not yet been possible.
For example, the S2S database (Vitart et al. 2017) consists of
an ensemble of opportunity, where roughly one-third of the
models can be considered low-top (Domeisen et al. 2020).
Hence, while models with a high model top and higher ver-
tical resolution in the stratosphere generally exhibit a less-
biased representation of the stratospheric pathway (Stan
et al. 2022), it is not clear if these improvements are entirely
due to the better resolution of the stratosphere, or if these
improvements are due to other factors in high-top models,
which often also exhibit a better representation of tropo-
spheric processes.

In this study, we show evidence, for the first time, of a
subseasonal forecasting model successfully capturing the
stratospheric pathway. Further, we consider the role of ver-
tical model resolution by contrasting the MJO stratospheric
pathway in model configurations that differ primarily in
vertical resolution and model top, with minimal additional
changes to parameterizations.

The remainder of this paper is organized as follows: In
Sect. 2 we describe the models and reanalysis data that are
used in this study; results from the simulations are compared
with reanalysis in Sect. 3; and we conclude with a summary
and discussion of the results in Sect. 4.

2 Data and methods
2.1 Forecast models

We analyze reforecasts from two versions of the Unified
Forecasting System (UFS) Coupled Model, Prototype 5 and
6 (UFS5 and UFS6), developed by the National Center for
Environmental Prediction (NCEP). These prototypes were
introduced in detail in Paper 1 (Zheng et al. 2024). Paper 1
also discussed the tropospheric route for MJO teleconnec-
tions and MJO prediction skill. Here, we elaborate on the
main differences between these two prototypes of relevance
for the stratospheric pathway: the atmospheric vertical reso-
lution and an upgrade to the physics.

The atmospheric component in both prototypes uses the
FV3 dynamical core on the cubed-sphere grid (Putman and
Lin 2007; Harris and Lin 2013) at C384 (~ 0.25°) horizontal
resolution. Both also use the Common Community Physics
Package (CCPP) for physics and land-surface parameteriza-
tions. However, the two prototypes have a different distri-
bution and number of vertical layers: the number of levels
increases from 64 with a model top at 54 km in UFSS5, to 127
with a model top at 80 km in UFS6. In Fig. 1, the thickness
of each model layer is shown as a function of pressure and
compared between the two UFS versions. The figure also
shows the layer thickness if UFS5 vertical resolution was
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Fig.1 Vertical resolution of UFS5 (blue) and UFS6 (green). The
pressure of each model layer is represented on the y-axis, while the
thickness of each layer is represented on the x-axis. The dashed line
depicts the distribution as if the thickness of each UFS5 model layer
is reduced to its half (doubling UFSS5 vertical resolution)

simply doubled, with the thickness of each layer reduced to
half of its UFS5 value. Below ~270 hPa, UFS6 resolution is
slightly finer than simply doubling UFSS5 resolution, while
above ~270 hPa, UFS6 resolution is coarser than doubling
UFSS5 resolution. Overall, UFES6 vertical resolution is about
double compared with UFS5 from the surface to the lower
stratosphere (~100 hPa). One might hypothesize that this
increase would lead to a better representation of the strato-
spheric pathway, and we test this hypothesis in this paper.

There are a few updates in model physics between UFS5
and UFS6. Namely, UFS5 uses the GFSv15.2 physics pack-
age while UFS6 uses GFSv16. These upgrades in GFSv16
are discussed in detail in Stefanova et al. (2022). Of these
changes the most relevant is the addition of a parameteriza-
tion for sub-grid scale non-stationary waves in the gravity
wave drag parameterization scheme. This parameterization
is intended to allow for a reasonable representation of the
lower mesosphere after the lid is raised to 80 km (Holton
1982; Ern et al. 2011).

2.2 Methods

Reforecasts from April 2011 to March 2018 have been gen-
erated by NCEP for both UFS5 and UFS6. Each reforecast
is initialized on the first and fifteenth of each month (168
deterministic reforecasts in total) and forecast lead time
extends to 35 days. The focus of this paper is on extended

boreal winter (November to March) for which 70 reforecasts
in each prototype are initialized during the analysis period.

We compare the reforecasts described above with atmos-
pheric reanalysis. We use temperature, wind, and geopoten-
tial height from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis - Interim (ERA-
Interim, hereafter ERA-I Dee et al. (2011)) at 1.5° horizontal
resolution. Select figures have been recreated using ECMWF
Reanalysis v5 (ERAS) data, and results are essentially iden-
tical. We subsample the reanalysis to match the same time
period used for UFS (2011-2018).

The climatology of each prototype is defined by averag-
ing the reforecasts that are initialized on the same day of
each year (e.g. averaging all reforecasts initialized on Janu-
ary 1 during the period 2011-2018). A unique climatology
is created for each initialization date and lead-time. Then,
the anomalies are obtained as the deviation from each pro-
totype’s climatology. The same procedure is used to define
a climatology and anomalies for reanalysis.

The upward flux of planetary waves is diagnosed using
the meridional eddy heat flux, v/ T’ (with v being the meridi-
onal wind, T the temperature, and the primes denoting devia-
tions from the zonal mean). To focus on the contribution of
individual wavenumber components for this upward flux, we
decompose v and 7 by wavenumber before computing their
product (e.g., v, T;—; for wave-1 heat flux).

The method used for defining the MJO is similar to that in
Paper 1 (Zheng et al. 2024). The MJO is defined by the real-
time multivariate MJO (RMM) index (Wheeler and Hendon
2004). The RMM index is constructed from the 1st and 2nd
principal components of the combined empirical orthogo-
nal functions (EOFs) of 15°N-15°S averaged zonal wind at
850 hPa and 200 hPa and OLR. The phases and amplitude
of the MJO are calculated with the RMM index following
Wheeler and Hendon (2004). Active MJO events are defined
as times when the observed RMM amplitude is larger than
1 standard deviation at the time when the reforecasts are
initialized. There are 48 active MJO events in total during
the analysis period. Lagged days of RMM phases are defined
as days after the reforecast initialization time when the MJO
is active in a specific RMM phase.

3 Results

In order for a model to even hope to represent the strato-
spheric route, it needs to reasonably simulate the following
regardless of the presence of the MJO:

1. Minimally-biased tropospheric planetary waves that
propagate upward into the stratosphere

2. The correct sensitivity of the stratospheric polar vortex
to upward wave driving
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3. Downward propagation of stratospheric polar vortex
anomalies from the mid- and upper-stratosphere to the
lower stratosphere where the signal then persists for
months due to the long radiative timescales (Hitchcock
etal. 2013)

4. Downward propagation from the lower stratosphere to
the surface, with particular foci in the Euro-Atlantic sec-
tor that project onto the NAO.

Hence, we first consider whether UFS5 and UFS6 are capa-
ble of simulating these four factors independent of the MJO
(Sects. 3.1 and 3.2), before considering the stratospheric
pathway of the MJO specifically (Sect. 3.3) and the associ-
ated surface impacts (Sect. 3.4).

3.1 Upward troposphere to stratosphere coupling

We begin by analyzing tropospheric quasi-stationary plan-
etary waves. Specifically, Fig. 2 shows the deviation of
500 hPa height from the zonal average in weeks 3 to 5 in
NDJFM. Both UFS prototypes simulate quasi-stationary
waves that are qualitatively similar to reanalysis: a ridge
over the North Atlantic and Western North America, and a
trough over East Asia and Hudson Bay. However, the ridge
over Western North America is too weak in both prototypes,

a bias similar to that evident in many S2S models (Schwartz
et al. 2022). Further, the trough over Hudson Bay is too weak
in both prototypes, while the East Asian trough is shifted
eastward in UFS6 but does not extend far enough eastward
in UFSS.

The most important components for the stratosphere of
the quasi-stationary wave field are the zonal wavenumber-1
and wavenumber-2 components, as these are the waves that
most easily transit the tropopause and reach the polar strato-
sphere (Charney and Drazin 1961; Weinberger et al. 2022).
The too-weak Western North American ridge and Hudson
Bay trough have implications for wavenumber-2. Namely,
these biases overlay the climatological wavenumber-2 field
in reanalysis (indicated in magenta), and hence the quasi-
stationary wave-2 field is too weak. In contrast, wave-1 is
too strong in UFS6 due to the eastward extension of the East
Asia trough and North Atlantic ridge. The net effect is that
quasi-stationary wave biases in the lower stratosphere are
larger in UFS6 than in UFSS5 (Fig. 3). Specifically, the bias
in UFS6 includes a pronounced ridge over North America
which projects onto the climatological wave-1 ridge. This
constructive interference between the bias and the stationary
waves might plausibly be related to too-much wave-1 heat
flux at 100 hPa (Schwartz et al. 2022). We will demonstrate
shortly that this hypothesis is confirmed.

Z* at 500hPa, weeks: 3-5

ERA-i UFS5

climatology

bias (UFS-ERAI)

Fig.2 Deviation of 500 hPa height from the zonal average in weeks
3 to 5 for each UFS prototype, and in reanalysis for the correspond-
ing dates. All seventy initializations in November through March over
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2011-2018 are used. Observed climatological wave-1 is indicated
with black contours, and climatological wave-2 with magenta con-
tours
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Z* at 100hPa, weeks: 3-5

ERA-i UFS5

climatology

bias (UFS-ERAI)

Fig.3 As in Fig. 2 but for 100 hPa

These biases in quasi-stationary waves are reflected in the
wave-driving of the vortex. Figure 4 shows the climatologi-
cal wave-1 and wave-2 heat fluxes at 500 hPa and 100 hPa
for each week. At both levels, UFS6 has too much wave-1
heat flux and too little wave-2 heat flux in later weeks. The
too-weak 100 hPa wave-2 heat flux bias is statistically sig-
nificant in December through February (not shown). UFSS5,
on the other hand, has smaller biases overall. Even though
the relative magnitude of wave-1 versus wave-2 is biased in
UFS, the sum of wave-1 and wave-2 is reasonable in both
prototypes compared to reanalysis.

The too-weak wave-2 bias in the time-mean also is
reflected in the spread in the representation of wave-2 at
100 hPa and 500 hPa across different initializations. Figure 5
contrasts heat flux anomalies at 500 hPa with those at 100
hPa three days later. We note that a three day lag maximizes
the relationship, however results are similar for shorter or
longer lags. While both UFS5 and UFS6 capture the cor-
relation and the magnitude of the regression coefficient
between tropospheric and lower-stratospheric heat flux for
wave-1, UFS6 underestimates both the correlation and the
regression coefficient for wave-2 (Fig. 5bf). This implies that
stratospheric wave-2 in UFS6 is relatively decoupled from
its tropospheric precursors. We demonstrate this explicitly in
Fig. 6, which shows 500 hPa height three days before week-
long periods with anomalously strong minus anomalously

200

-200

50

-50

weak heat flux at 100 hPa. We only include forecast weeks
3 to 5 to exclude the period closest to initialization. In rea-
nalysis, anomalously strong wave-1 heat flux at 100 hPa is
preceded by a trough over the North Pacific and a ridge over
the Atlantic which constructively interferes with the climato-
logical wave-1 (indicated with a black contour; c.f. Garfinkel
et al. 2010). Anomalously strong wave-2 heat flux at 100 hPa
is also preceded by constructive interference at 500 hPa, and
specifically with a ridge over Alaska and Scandinavia and
a trough over Hudson Bay and Eastern Siberia. While both
UFS prototypes qualitatively capture the features evident in
reanalysis, the magnitudes are too weak, with wave-2 too-
weak for UFS6 and wave-1 too weak for UFS5, even as the
patterns are generally correct.

After the anomalous wave driving enters the stratosphere,
it modulates the strength of the vortex. We diagnose this
effect in the left column of Fig. 7, which contrasts the sum
of wave-1 plus wave-2 heat flux in weeks two through four
with the change in polar cap height (60 N to the pole area-
weighted) at 10 hPa from one week prior to one week after
the week chosen for the heat flux. For example, we contrast
week 3 heat flux with the change in polar cap height between
week 4 and week 2. The correlation between the metrics is
similar in reanalysis and in both prototypes, however the
regression coefficient is significantly weaker in reanalysis
than in UFS. This implies that a given heat flux anomaly
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Fig.4 Climatology of heat fluxes at 100 hPa and 500 hPa in November through March over 2011-2018. A silver outline and star indicates that
the UFS climatology differs significantly from reanalysis at the 95% level using a paired t-test

has a stronger impact on the vortex in UFS than in real-
ity. The net effect is that while UFS may underestimate the
lower stratospheric heat flux induced by a given tropospheric
anomaly (for example, one forced by the MJO), this too-
small heat flux perturbation can still have a reasonable effect
on the polar vortex due to an overly sensitive vortex in these
UFS prototypes.

Overall, UFS6 struggles to capture the generation of
wave-2 in the troposphere, and the polar vortex is also overly
sensitive to heat flux in the lower stratosphere in both proto-
types. Nevertheless, these biases are relatively less important
for generating a stratospheric pathway of the MJO, as the
MIJO predominantly affects the polar vortex via its effect
on the Aleutian Low and tropospheric wave-1 (Garfinkel
et al. 2014).

3.2 Downward stratosphere to troposphere
coupling

We now consider downward coupling within the strato-
sphere. The right column of Fig. 7 contrasts polar cap height
anomalies at 10 hPa with those at 100 hPa three days later.
This three day lag maximizes the relationship in reanaly-
sis data (not shown). Higher polar cap heights at 10 hPa
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are associated with higher polar cap heights at 100 hPa;
that is, a weakened vortex at 10 hPa precedes a weakened
vortex at 100 hPa. In both UFS prototypes, this downward
propagation within the stratosphere is slightly too strong as
compared to reanalysis, with the difference statistically sig-
nificant. It is also worth noting that the range of polar cap
heights at both levels is larger in UFS, especially for negative
anomalies and in UFS6.

We now assess the persistence of lower stratospheric tem-
perature anomalies, which is needed to provide a continual
exogenous forcing on the troposphere below over the fol-
lowing weeks. We examine this effect in the left column of
Fig. 8, which contrasts polar cap temperature anomalies in
weeks 2 and 3 with the corresponding polar cap temperature
anomalies two weeks later. Both UFS prototypes realistically
capture the persistence of temperature anomalies, and hence
once the vortex is modulated, we should expect a long-lived
tropospheric response.

Finally, we assess the ability of the lower stratospheric
vortex anomaly to affect the tropospheric circulation in each
prototype, with a particular focus over the Atlantic sector.
This effect is examined in the right column of Fig. 8, which
contrasts polar cap height at 100 hPa with height at 500 hPa
from 55N-pole and 300E to 359E. This region corresponds
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Fig.5 Comparison of heat flux at 500 hPa with heat flux at 100 hPa
three day later in weeks 3-5 in the 70 initializations from November
through March. (left) wave-1; (right) wave-2. Specifically, we contrast
500 hPa heat flux from days 15 through 33 (x-axis) with 100 hPa heat
flux in days 18 through 35 (y-axis) for each of the 70 initializations.

to the Icelandic Low node of the North Atlantic Oscillation.
Both UFS prototypes perform well for this metric, though
there is a hint of a too-weak impact in UFSS5.

Overall, UFS performs well in capturing downward cou-
pling within the stratosphere and down to the troposphere.

3.3 MJO teleconnections to the Euro-Atlantic sector
via the stratosphere

As discussed before, the MJO can influence surface
weather and climate in the North Atlantic / Europe region
through a stratospheric pathway. In this section, we con-
sider whether UFS5 and UFS6 are capable of capturing the
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The 95% confidence intervals on the slope and correlation coefficient
are indicated on each panel using a Student t-test, with the reduction
in degrees accounted for following equation 31 of Bretherton et al.
(1999)

MIJO stratospheric pathway by assessing both the upward
and downward coupling between the stratosphere and
troposphere.

We first investigate the upward leg of the MJO strato-
spheric pathway. Figure 9a-i shows the time evolution of
wave-1 and wave-2 meridional heat flux anomalies aver-
aged over 40-80N, following each MJO phase in reanalysis
and in each prototype during November to March. Positive
anomalies of wave-1 and wave-1+2 heat fluxes at both 500
(Fig. 9a—f) and 100 hPa (Fig. 9g—i) are present in weeks 2
to 4 after MJO phases 5 in reanalysis and UFS. The poten-
tial for predictability of upward heat flux extends to sub-
seasonal timescales: both UFSS5 and UFS6 have enhanced
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Z at 500hPa [m], strong - weak v*T* weeks: 3-5

ERA-i UFS5

Fig.6 Height anomalies at 500 hPa in weeks 3-5 when (top) wave-1
and (bottom) wave-2 heat flux at 100 hPa is anomalously strong or
weak (anomalies exceed 8 Km/s in absolute value) three days later
in November through March. Climatological wave-1 is indicated with

heat fluxes at both levels 2—-3 weeks following MJO phase
4. Comparing the first two rows in Fig. 9, the strong heat
flux is mainly from its wave-1 component. UFS6 tends to
simulate much stronger heat fluxes than reanalysis after
MJO phases 4 and 5. This is consistent with the too-strong
climatological wave-1 heat fluxes in the UFS6 shown in
Fig. 4. This heat flux response in the troposphere precedes
a strong stratospheric heat flux response: the maximum
positive heat flux anomalies at 100 hPa in both prototypes
are present in week 4 after MJO phase 4, i.e., it is offset by
one phase relative to reanalysis (Fig. 9g—i).

Consistent with the increased heat fluxes entering the
stratosphere, a weakening of the stratospheric polar vortex
(Fig. 9j-1) is evident in weeks 4-5 following MJO phase 5
in ERA-I and in weeks 3-5 following MJO phase 4 in both
prototypes. Both prototypes simulate the negative anoma-
lies of the polar vortex in weeks 2—3 after MJO phases
7-8, similar to the reanalysis. Both prototypes reproduce
an intensified polar vortex following MJO phases 2 to 3 as
in the reanalysis, while they show the opposite responses
to the reanalysis in the polar vortex strength in weeks 4-5
after MJO phase 1. Overall, the polar vortex strength is
weaker after MJO phases 4-8 than that after MJO phases
2-3 in both UFS and reanalysis, however the magnitude
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black contours, and climatological wave-2 with magenta contours.
Stippling indicates where the difference in Z500 between the strong
heat flux vs. weak heat flux composites is statistically significantly
different at the 95% level using a student t-test

and specific phase with peak response in UFS does not
match that in reanalysis.

Further insight into the weakening of the polar vortex
after MJO phases 5 and 6 compared to the strengthening
after MJO phases 2 and 3 is shown with histograms of zonal-
mean zonal wind at 10 hPa and 60N (U1060) in Fig. 10.
It is notable that the differences in the mean polar vortex
strength between MJO phases 5-6 and 2-3 in weeks 1-5
are similar in both prototypes and in the reanalysis, consist-
ent with Fig. 9. This indicates an increased probability of
an extremely strong polar vortex after MJO phases 2-3 and
of a substantially weak polar vortex after MJO phases 5-6.
Although UFS does not reproduce the most extremely weak
polar vortex seen in reanalysis, it is able to simulate the
extremely strong polar vortex events after MJO phases 2-3.
Overall, Fig. 10 suggests that both prototypes simulate the
distribution of polar vortex strength following MJO phases
2-3 and 5-6, with changes particularly pronounced at the
positive tail of the distribution for very strong vortex events.

We next examine the downward leg of the MJO strato-
spheric pathway. Figure 11 shows the response of geopoten-
tial height at different pressure levels following each MJO
phase. An increase of 10 hPa height averaged over the polar
cap follows MJO phase 5 in weeks 3-5 (Fig. 11a-c). The
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cap height one week before to one week after the heat flux (e.g., heat
flux in week 3 compared to the difference in polar cap height between
week 4 and 2). (right) Comparison of polar cap height at 10 hPa with

increased height indicates the Northern Annular Mode,
NAM’s negative phase, which corresponds to a weakening
of the polar vortex in Fig. 9j-1. The magnitude and timing of
the 10 hPa height response in UFS is similar to that in rea-
nalysis though the maximum occurs following MJO phase
4 (one phase earlier than in reanalysis), consistent with the
polar vortex response (Fig. 9j-1). The downward propagation
within the stratosphere and to the troposphere can be seen in
Fig. 11d-i. Positive polar cap 100 hPa height anomalies are
present in weeks 1-3 after MJO phase 6 in the reanalysis and
UFS6, while UFSS5 simulates positive 100 hPa height anom-
alies 4-5 weeks after MJO phase 4 and underestimates the
persistance of the phase 6 response. Similar positive height
responses after MJO phases 5 and 6 in both prototypes and

stratospheric processes

(b) ERA-i
200 1r=0.62
0 ]
E .
v -200 1 -
%\ slope 0.16 +0.011
s : :
(47)
8 (d) UFS5
o 200
o
)
© 0;
(ol
S
o -200 ;
5
= (f) UFS6 !
2 200 {r-07 o
Q_ e o
S
A
3
-200 1, T -
Soao .7 slope 0.19 +£0.011
-1000 0 1000

polar cap height 10hPa [m]

that at 100 hPa lagged three days later in weeks two through five.
Daily data is used for the right column, while weekly-mean data is
used for the left column, hence there is a large difference in the num-
ber of dots

reanalysis are shown at 300 hPa, with UFS6 simulating a
more positive height anomaly than the reanalysis that per-
sists for too long. In general, the values of polar cap averaged
height in the stratosphere and troposphere tend to be higher
in weeks 1-5 after MJO phases 57 than after MJO phases
2-3 in the reanalysis and both prototypes (first three rows in
Fig. 11). This NAM response is consistent with the weak-
ening of the polar vortex evident in Fig. 9j-1 and Fig. 10,
and indicates the downward propagation of the stratospheric
anomalies related to the MJO.

The height responses over the Euro-Atlantic sector are
presented in the last row of Fig. 11, with positive anomaly
indicating a negative phase of the NAO, which is often pre-
ceded by anomalously weak polar vortex events such as
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Fig.8 (left) persistence of polar cap temperature anomalies from
week 2 and 3 (abscissa) to the corresponding anomalies in weeks 4
and 5 (ordinate) across all NDJFM inits; (right) comparison of Z100

sudden stratospheric warming events. Positive anomalies
of 500 hPa height averaged over the subpolar North Atlan-
tic (300-359E, 55-90N as in Fig. 7) occur in weeks 1-4
after MJO phase 6 in reanalysis and UFS6 and in weeks 3-5
after MJO phase 4 in UFS5, compared to the relatively low
height in weeks 2-5 after MJO phases 2-3 in both proto-
types and reanalysis. Both prototypes are able to reproduce
the negative phase of NAO in weeks 1-2 following MJO
phase 6, though the persistence of the signal is overesti-
mated in UFS6 and underestimated in UFS5. This is con-
sistent with the weakening of polar vortex and the following
negative NAM and NAO responses in the troposphere, and
corresponds to the positive correlations found in the right
column of Fig. 8.
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In general, UFS is capable of capturing the Euro-Atlantic
teleconnections of the MJO through the stratospheric path-
way. Although both prototypes simulate much stronger heat
flux responses and a weakening of the polar vortex after
a slightly different MJO phase, they are able to reproduce
the magnitude of the weakening of the polar vortex and the
height responses in both stratosphere and troposphere. Both
the upward propagating planetary wave activity and the sub-
sequent downward impacts of the stratospheric polar vortex
are successfully captured by both UFS prototypes, which is
an improvement compared to previous subseasonal forecast-
ing models (Schwartz and Garfinkel 2020; Stan et al. 2022),
though we acknowledge the caveat that the hindcast period
used here differs from these previous works.
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Fig. 11 Geopotential height anomalies in weeks 1-5 following MJO
phases 1-8. November-March geopotential height averaged over the
polar cap at (first row) 10 hPa, (second row) 100 hPa, (third row) 300
hPa, and (fourth row) averaged over the subpolar North Atlantic at

3.4 Surface impacts likely arising from the MJO
stratospheric pathway

Section 3.3 established that a negative phase of the NAM is
exhibited in weeks 14 after MJO phase 6 in reanalysis and
both prototypes, consistent with the weakening of the polar
vortex. It is well-established that a weak vortex and nega-
tive NAM typically leads to cold anomalies over Siberia and
Northern Europe, and warm anomalies over Eastern Canada
and subtropical Eurasia (Garfinkel et al. 2017; King et al.
2019; Baldwin and Dunkerton 2001; Baldwin et al. 2021).
We now explore whether the surface temperature impacts
following the MJO follow those associated with polar vortex
variability more generally.

Figure 12 shows the MJO-induced 2-meter temperature
(T2m) response over the Northern Hemisphere in weeks 3-5
after MJO phase 6. Cold anomalies are evident over much of
Northern Eurasia in both reanalysis and UFS, consistent with
the weak polar vortex and negative NAM conditions evident
in Fig. 9 and 11. In contrast, Eastern Canada and Greenland
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500 hPa for ERA-I (left), UFS5 (middle), and UFS6 (right). Yellow
dots indicate anomalies statistically significant at the 0.1 level based
on bootstrapping

tend to be warmer, though the regional details are different
for each panel of Fig. 12. Furthermore, the Eastern United
States tends to be anomalously cold, and this feature is cap-
tured in UFSS5 and displaced northward in UFS6. Finally,
negative NAM typically leads to warmth over subtropical
Eurasia and the Middle-East, however this feature is promi-
nent primarily in UFSS5. Overall, UFSS simulates a pattern
correlation of 0.47 for these subseasonal forecast leads, with
most of the error occurring over Western America where the
stratospheric route is relatively unimportant. UFS6, on the
other hand, simulates overly strong cold over Siberia that is
shifted to the west, leading to a relatively lower pattern cor-
relation of 0.26. The overly strong cold anomalies in UFS6
are consistent with the too-persistent NAO response evident
in the last row of Fig. 11.

The pattern correlation analysis is summarized in Fig. 13,
which also shows the relative amplitude metric (Wang et al.
2020). These metrics are computed for the Eurasian sector
only (0O—180E, 20-80N). The decrease of the pattern cor-
relation below 0.5 during the second week of the forecast
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T2m after MJO P6, weeks: 3-5

0.47

Fig. 12 Composites of T2m daily anomaly in weeks 3-5 after MJO phase 6. Dotted areas denote anomalies statistically significant at the 0.05
level based on a Student t-test. Numbers in the upper right corners show the pattern correlation between reforecasts and ERA-I

(Fig. 13a,b) is similar to other S2S models (Stan et al. 2022).
Consistent with Fig. 12, UFSS5 better captures the pattern
correlation with observations for MJO phase 6 until week
4, however UFS6 performs better afterwards and also for
MJO phase 3. The amplitude of the teleconnection in UFS6
is slightly closer to observed values than in UFS5 for MJO
phase 3 in week 2 (Fig. 13c), but is overestimated in UFS6
for MJO phase 6 in week 3 (Fig. 13d) consistent with the
overly strong cooling in Fig. 12. Overall, UFS5 performs
slightly better in capturing the T2m teleconnection over the
Euro-Atlantic region for MJO phase 6 through week 3, how-
ever the response in week 4 is better predicted in UFS6.

4 Summary and discussion

Stratospheric polar vortex variability and the Madden Julian
Oscillation are crucial for providing skillful surface weather
predictions on subseasonal to seasonal timescales (Sigmond
et al. 2013; Domeisen and Butler 2020; Stan et al. 2022).
While these two sources of predictability can act indepen-
dently to affect surface conditions, in the North Atlantic and
Eurasian sectors the surface impacts are co-mingled: recent
work has shown that the MJO can affect surface climate
over Europe and the North Atlantic at one month lags via
the stratosphere (Schwartz and Garfinkel 2017; Green and
Furtado 2019; Barnes et al. 2019).

In this work, we assessed whether the UFS protoypes can
realistically simulate the impact of the MJO on the North
Atlantic surface climate on subseasonal timescales via the
stratospheric pathway. A precondition for this is that the
models realistically simulate upward and downward strat-
osphere-troposphere coupling. While previous studies on
this topic found that all operational subseasonal forecast-
ing models struggled to represent at least one aspect (and

in many cases, most aspects) of this pathway (Schwartz
and Garfinkel 2020; Stan et al. 2022), the UFS prototypes
are relatively more successful (though we note the caveat
that the hindcast period available for UFS differs from that
used in previous work). Specifically, the UFS is capable of
realistically simulating an enhancement in heat flux in both
the troposphere and stratosphere following MJO phase 5, a
subsequent weakening of the vortex, downward propagation
of the NAM anomaly to the troposphere with a North Atlan-
tic Oscillation imprint, and surface temperature impacts in
Eurasia and Eastern North America.

This success of the UFS to capture the MJO stratospheric
pathway is a reflection of its ability to capture upward and
downward coupling between the troposphere and strato-
sphere more generally. Specifically, tropospheric and strato-
spheric stationary waves in the UFS are generally reason-
able (though with a too-strong wave-1 and too weak wave-2
in UFS6). Consistent with this, planetary wave heat flux is
reasonable in both the troposphere and stratosphere (though
with an incorrect ratio of wave-1 vs. wave-2 in UFS6, mir-
roring its bias in the stationary waves). The stratospheric
polar vortex is, if anything, too sensitive to upward propa-
gating wave activity in both prototypes. Downward propa-
gation within the stratosphere is of the correct magnitude,
and the lower stratospheric anomaly persists realistically.
Finally, anomalous conditions in the polar lower stratosphere
lead to a surface response that resembles the North Atlantic
Oscillation.

While the UFS appears to be more successful over its
hindcast period than any previous modeling system over
their hindcast period in simulating the stratospheric MJO
teleconnection pathway, we have identified some biases. The
ability of the UFS to realistically represent the stratospheric
pathway appears to be due to “two wrongs making a right",
that is two biases compensating each other for a realistic net
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Fig. 13 Pattern correlation coefficient (UFS vs ERA-I) and rela-
tive amplitude (UFS/ERA-I) of surface temperature anomalies over
Eurasia region (0-180E, 20-80N) vs forecast lead days for the MJO
phases (a, ¢) 3 and (b, d) 6. Horizontal solid lines in (a) and (c)
represent the reference line of pattern correlation at 0.5. Horizontal
solid lines in (b) and (d) represent the reference line above (below)
which the temperature anomalies are overestimated (underestimated)

response. Specifically, UFS struggles to represent upward
wave propagation of wave-2 from the troposphere to the
lower stratosphere, but the polar vortex in UFS is also overly
sensitive to any heat flux perturbation in the lower strato-
sphere once it arrives there. The net effect is that UFS6 still
represents the stratospheric pathway. However, it is conceiv-
able that fixing one of these biases but not the other may lead
to worsened MJO-related predictability and skill.

Paper 1 (Zheng et al. 2024) demonstrated that the
MIJO propagates too slowly in both prototypes. Further, it
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in UFS models. The gray shading indicates the 95% confidence level
determined by the bootstrap test. The lower boundary represents the
minimum 2.5th percentile of the bootstrapping distribution between
the models, and the upper boundary represents the maximum 97.5th-
percentile distribution between the models. The relative amplitude is
defined as the T2m anomaly standard deviation in UFS divided by
that in ERA-I

demonstrated that the North Pacific response is simulated
well in both prototypes, and if anything is too strong in week
3 and 4 in UFS6. A too-slow MJO propagation would, in
isolation, tend to enhance the stratospheric pathway (Yadav
et al. 2024), and hence fixing it could conceivably weaken
the stratospheric pathway. Further, a strong North Pacific
teleconnection is a prerequisite for a realistic stratospheric
route (Garfinkel et al. 2012, 2014; Schwartz and Garfinkel
2020; Stan et al. 2022), and a weaker North Pacific response
would also tend to weaken the stratospheric route. Finally,
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there are additional caveats of the UFS prototypes not spe-
cifically related to the stratosphere. These caveats are dis-
cussed in detail in Paper 1, and are briefly listed here: 1) A
relatively short reforecast period (2011-2018) which limits
the sample size and preciseness of the computed climatol-
ogy; 2) Possible impacts from slow-varying climate modes
on the results such as El Nino Southern Oscillation (ENSO)
and Quasi-Biennial Oscillation (QBO).

One of the motivations for our evaluation of UFS5 as
compared to UFS6 is that it offers a relatively clean evalu-
ation of the effect of vertical resolution on stratosphere-
troposphere coupling. Namely, UFS6 has nearly double the
vertical resolution of UFS5 (Fig. 1). Nevertheless, there
is little evidence that UFS6 represents stratosphere-tropo-
sphere coupling or the stratospheric pathway of the MJO
significantly better than UFS5. This is in contrast to the
tropospheric pathway, which was better simulated in UFS6
due an improved subtropical jet (see Paper 1; Zheng et al.
2024). This somewhat perplexing result could be due to a
number of reasons

1. Adding resolution but not retuning the scale-dependent
parameterizations could lead to poorer overall skill

2. UFSS already resolves the stratosphere well, and the
added value from extra levels (at least in this modeling
system) is small and can only be isolated with a longer
hindcast period.

Future work should consider these possibilities in more
detail.
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