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Abstract The observed stratospheric quasi-biennial oscillation (QBO) and the tropospheric Madden-Julian
oscillation (MJO) are strongly connected in boreal winter, with stronger MJO activity when lower-stratospheric
winds are easterly. However, the current generation of climate models with internally generated representations
of the QBO and MJO do not simulate the observed QBO-MJO connection, for reasons that remain unclear.
This study builds on prior work exploring the QBO-MIJO link in climate models whose stratospheric winds are
relaxed toward reanalysis, reducing stratospheric biases in the model and imposing a realistic QBO. A series

of ensemble experiments are performed using four state-of-the-art climate models capable of representing the
MIJO over the period 1980-2015, each with similar nudging in the stratosphere. In these four models, nudging
leads to a good representation of QBO wind and temperature signals, however no model simulates the observed
QBO-MIJO relationship. Biases in MJO vertical structure and cloud-radiative feedbacks are investigated, but no
conclusive model bias or mechanism is identified that explains the lack of a QBO-MJO connection.

Plain Language Summary Observations show a strong link between the stratospheric
quasi-biennial oscillation (QBO)—the alternation of tropical stratospheric zonal winds between easterly and
westerly phases—and the Madden-Julian oscillation (MJO), an eastward propagating phenomenon in the
tropical troposphere in which the circulation and convection are coupled. Stronger MJO activity is observed
when lower-stratospheric winds are easterly. This coupling is intriguing for many reasons, but most practically
because it suggests that the stratosphere can potentially enhance surface weather and inform subseasonal
climate prediction. However, current climate models do not show this observed connection. One reason may
be related to biases in how models simulate stratospheric winds, which can be corrected for in an artificial way
by relaxing the model simulated winds to better match observationally constrained data sets. One recent study,
however, showed that correcting for this bias using this approach in one climate model still fails to produce
credible QBO-MJO coupling. Here we expand that analysis to include four climate models and find that no
model produces a robust QBO-MJO relationship like that seen in observations. Our results show that properly
representing the QBO winds and temperatures via nudging is therefore not sufficient for reproducing the
observed relationship. Furthermore, while biases in how models represent cloud processes may still be a likely
culprit, any definitive model bias or missing mechanism remains elusive.

1. Introduction

The quasi-biennial oscillation (QBO; Baldwin et al., 2001; Ebdon, 1960; Reed et al., 1961)—a descending,
~28 months reversal in the tropical stratospheric zonal wind—is the most significant mode of interannual
variability in the tropical stratosphere. While QBO signals are strongest in the tropical stratosphere, through
teleconnections the QBO modulates climate processes outside the tropics and below the stratosphere (Anstey
et al., 2022 Camargo & Sobel, 2010 Garfinkel & Hartmann, 2011; Gray et al., 2018; Holton & Tan, 1980). In
particular, a strong connection has recently been observed between the QBO and the Madden-Julian oscillation
(MJO; Madden & Julian, 1971, 1972), a subseasonal, eastward propagating envelope with strong coupling of
tropical convection and circulation. During boreal winter, MJO activity and strength is significantly enhanced
when the QBO is in the easterly phase relative to the westerly phase (Martin, Son, et al., 2021; Son et al., 2017;
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Yoo & Son, 2016). This QBO-MJO connection modulates MJO predictability and its teleconnections (Feng &
Lin, 2019; Kim et al., 2019; Lim et al., 2019; Marshall et al., 2017; Mayer & Barnes, 2020; Toms et al., 2020;
Wang et al., 2018, 2019). Yet despite these far-reaching impacts, the QBO-MJO connection remains theoretically
difficult to explain (Martin, Son, et al., 2021).

Challenges in understanding the physics behind the QBO-MJO connection are in large part hampered by the
inability of climate models to capture the connection. While convection-permitting models (Back et al., 2020;
Martin et al., 2019) and subseasonal forecast models (Abhik & Hendon, 2019; Martin et al., 2020) have shown
some indication of a QBO-MJO link, model signals in both frameworks are weaker-than-observed and difficult
to confidently detect or interpret. Free-running global climate models (GCMs) present an alternative framework
in which to examine this problem, which is attractive given that many GCMs are now capable of internally simu-
lating both a QBO and an MJO (e.g., Ahn et al., 2020; Kim et al., 2020; Richter et al., 2020; Orbe, Van Roekel,
et al., 2020). However, GCMs have repeatedly failed to show any QBO-MJO link (Kim et al., 2020 Lee &
Klingaman, 2018; Lim & Son, 2020; Martin, Orbe, et al., 2021).

A frequent hypothesis for why climate models do not capture a QBO-MJO connection are biases in the model strat-
osphere, in particular the QBO representation in the lower stratosphere and the tropical tropopause layer (TTL)
(Kim et al., 2020; Lee & Klingaman, 2018; Lim & Son, 2020; Martin et al., 2019; Martin, Son, et al., 2021). Most
state-of-the-art climate models show weaker-than-observed QBO variability in the TTL, in particular in QBO
temperature signals. These biases might be important, as QBO temperature anomalies and their effect on upper
tropospheric static stability are a proposed mechanism for the QBO-MJO connection (Martin, Son, et al., 2021).
A straightforward way to test the hypothesis that stratospheric biases in models explain the lack of a QBO-MJO
link is to impose the stratosphere in the model by “nudging” (e.g., Douville, 2009; Ferranti et al., 1990; Hitchcock
& Simpson, 2014; Jeuken et al., 1996). This is done by adding artificial tendency terms that relax the model
toward a target profile such as reanalysis (e.g., Jeuken et al., 1996). In the context of the QBO-MJO link, Martin,
Orbe, et al. (2021) (herein M21) carried out a nudged climate model experiment in which the global stratospheric
meridional and zonal winds were relaxed toward reanalysis while the troposphere was not nudged. M21 showed
that while QBO winds and temperatures were captured successfully in the nudged model, no QBO-MJO link was
evident across an ensemble of simulations.

Here, we extend the work in M21 by repeating a similar stratospheric nudging experiment across four state-of-the-
art climate models, each with several ensemble members run from 1980 to 2014. The use of multiple models
allows us to explore the degree to which the findings in M21 were model specific, and to increase confidence that
the results of that study were robust. Further, they allow us to explore whether models share any common biases
important to the QBO-MJO link.

In Section 2, we present more details regarding the four GCMs and the stratospheric nudging experimental
design, as well as other data sets and methodology. Section 3 diagnoses the nudged models' representation of the
QBO (Section 3.1), the MJO (Section 3.2), and the QBO-MJO connection (Section 3.3). Section 4 summarizes
our findings.

2. Data and Methods
2.1. Climate Models and Nudging Experimental Design

Simulations were conducted using four atm-ocean coupled climate models: the Community Earth System Model,
version 2 (referred to here as CESM, Danabasoglu et al., 2020); the Energy Exascale Earth System Model version
1 (referred to here as E3SM, Golaz et al., 2019); the Geophysical Fluid Dynamics Laboratory CM4 (referred to
here as GFDL, Held et al., 2019); and the NASA Goddard Institute for Space Studies Model E2.1-G (referred to
here as GISS, Kelley et al., 2020).

In each of the four models, a three-member ensemble of simulations was conducted over the historical period
from 1 January 1980 to 31 December 2014 with the CMIP6 historical forcings (Eyring et al., 2016). In each
simulation, the model stratospheric zonal and meridional wind were nudged toward time-varying reanalysis fields
over the same time period. CESM, GFDL, and GISS were nudged to NASA's Modern-Era Retrospective Anal-
ysis for Research and Applications 2 (MERRA-2; Gelaro et al., 2017) reanalysis, while E3SM was nudged to
ERA-Interim reanalysis (ERA-I; Dee et al., 2011) due to data availability for nudging in that model. The nudging
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relaxation timescale in all models was set to 12 hr, and nudging was only implemented above 150 hPa. To smooth
the transition from the nudged stratosphere to the nonnudged troposphere, the nudging timescales varied line-
arly from 150 to 100 hPa, with full-strength nudging above 100 hPa, and no nudging below 150 hPa. Nudging
was implemented globally at all latitudes and was identically implemented in each ensemble member of a given
model.

Nudging can be applied in several ways (see M21); we explore two strategies here. One option is to implement
nudging such that the full 3D spatial structure of the model is nudged toward the 3D reanalysis at each grid point
(“grid-point nudging”). An alternative approach is to nudge only the zonal-mean of model variables to match
the zonal-mean of reanalysis (“zonal-mean nudging,” Hitchcock & Simpson, 2014; Simpson et al., 2011). Note
the latter case is not the same as nudging the model at each grid point to the zonal-mean: zonal asymmetries are
allowed to exist in the zonal-mean nudged models. M21 found their overall results were insensitive to which
nudging implementation was used, and zonal-mean nudging can be technically difficult to implement in certain
model frameworks, especially those with unstructured grids. As such, both approaches were explored in this
study. The CESM and GISS models used zonal-mean nudging, whereas the GFDL and E3SM models used
grid-point nudging.

2.2. Other Data Sets and Methodology

Model performance is compared to observational and reanalysis products. In addition to MERRA-2 reanaly-
sis, observed outgoing long-wave radiation (OLR) from the NOAA Interpolated OLR data set (Liebmann &
Smith, 1996), observed precipitation from the Tropical Rainfall Measuring Mission (TRMM; Liu et al., 2012
version 7 Level 3 daily TRMM-3B42 data), and some additional meteorological variables from ERA-5 reanalysis
(Hersbach et al., 2020) are used.

MJO indices are a common and useful way to summarize MJO characteristics. We use the Real-time Multivariate
MJO index (RMM; Wheeler & Hendon, 2004) here. RMM is based on an empirical orthogonal function (EOF)
analysis of tropical OLR and zonal winds at 200 and 850 hPa. The observed MJO index used is available from
the Australian Bureau of Meteorology (see Data Availability Statement), while for the model simulations the
RMM index is calculated following Wheeler and Hendon (2004), except that the model data are projected onto
the observed rather than the model EOFs. This facilitates a fair comparison across models and between models
and observations. The OLR-based MJO Index (OMI; Kiladis et al., 2014) was also explored, but as overall results
discussed below were not sensitive to the choice of index (as was also found in M21) we present only results
using RMM here.

We define the QBO phase using the monthly 50 hPa tropical zonal winds (e.g., Martin, Son, et al., 2021; Son
etal., 2017; Yoo & Son, 2016), averaged zonally and from 10°N to 10°S (U50). QBO easterly months are defined
when U50 is less than the mean minus half a standard deviation (QBOE) and QBO westerly months are defined
when U50 is greater than the mean plus half a standard deviation (QBOW).

We further diagnose the representation of the stratospheric transformed Eulerian mean (TEM) vertical veloc-
ity. Due to data availability, ERAS reanalysis was used to calculate TEM quantities for comparison to the four
model simulations. Model TEM quantities were calculated following the DynVarMIP protocol (Gerber &
Mangzini, 2016).

3. Results
3.1. Nudged QBO and Stratospheric Representation

Nudging the model stratosphere leads to an accurate representation of the QBO signal across all four models,
consistent with the strong nudging timescales and with results in M21. Figure 1 shows the time series of
tropical-mean zonal-mean wind in MERRA-2 reanalysis and the first ensemble member of each model: the
descending alternating easterly and westerly phases of the QBO are robustly captured in all models with nudg-
ing and match the reanalysis. Furthermore, despite the fact that temperature is not nudged in any model, QBO
temperature signals are represented with fidelity down into the upper troposphere. For example, composites of
QBO differences (QBOE minus QBOW) in temperature in reanalysis and each model shown in the right panels
of Figure 1 indicate that the structure and magnitude of these temperature signals in the upper troposphere and
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Figure 1. Left panels: The tropical-mean (zonal-mean averaged from 10°N to 10°S) zonal wind in Modern-Era Retrospective
Analysis for Research and Applications 2 (MERRA-2) (a) and the four nudged climate simulations (c, e, g, and i). Right
panels: The QBOE minus QBOW zonal-mean temperature in reanalysis (b) and the nudged models (d, f, h, and j). The dashed
black line indicates the level above which nudging is applied.

lower stratosphere are successfully represented in the models with nudging. Overall, little variation in the QBO
temperature signals is evident across models, again consistent with the fact that the zonal-mean winds in all
models is strictly nudged toward reanalysis and temperatures adapt to be in balance with these nudged winds.

The seasonal cycle and deseasonalized time series of U50 further indicates how closely the models match the
reanalysis of the zonal winds. Overall, the seasonal cycle of U50 in the reanalysis is generally well captured by
the models (Figure 2a). Deseasonalized time series of U50 also show good agreement between reanalysis values
and the CESM, GFDL, and GISS values (Figure 2b). Slight differences are evident in E3SM, due to the different
reanalysis used as a target in this model (ERA-I); we confirmed that E3SM closely matches the ERA-I U50 (not
shown). The seasonal cycle of temperature (Figure 2c) and deseasonalized temperature anomalies (Figure 2d)
at 100 hPa averaged over the tropics (10°S to 10°N) are also shown; here there is more variability both between
models and within the ensemble. The GFDL and GISS models feature annual cycles that are biased warm, relative
to reanalysis values—the GISS model especially so in winter, whereas GFDL shows a warm bias in most months
regardless of season. CESM, by comparison, most closely matches the observations, with only a slight warm bias.

E3SM shows more distinct 100 hPa temperature interannual signals than other simulations (Figure 2d). While
still generally agreeing well with MERRAZ2, the E3SM model has a notable cold bias in the first decade of
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Figure 2. The 10°N/°S, all longitude-mean seasonal cycles (left panels) and monthly anomalies relative to the seasonal
cycle (right panels) for several stratospheric variables. Panels (a/b) show 50 hPa zonal wind, panels (c/d) show 100 hPa
temperature, and panels (e/f) show w.p,, vertical velocity at 100 hPa. Shading in the right panels shows the range across the
ensemble of each model. The legend indicates the model, as well as the all-time mean 100 hPa temperature.

the simulation, after which it appears more comparable to other models. This may be in part due to the differ-
ent reanalysis data set used to nudge the model: while temperature is not nudged, through the thermal wind
constraint we expect the specific structure of the nudged zonal winds to influence temperature. ERA-I has colder
winter temperatures than MERRA-2 during this decade (not shown), but even compared to ERA-I tempera-
tures, E3SM is still biased cold during this period, especially during summers. Another distinct feature of E3SM
which might in part explain the increased variability in TTL temperatures is the interactive ozone scheme (Hsu
& Prather, 2009; Tang et al., 2011) used in E3SM; other models use specified ozone profiles. The prognostic
stratospheric ozone concentration in E3SM varies with local temperature, which in turn modifies temperature
by changing solar heating. It is possible that such ozone feedbacks might contribute to the stronger E3SM model
biases, though this was not explored in detail and remains speculative.

While the nudging experiments are designed to ensure the meridional and zonal stratospheric winds associated
with the QBO are well captured, stratospheric biases in other variables are not necessarily constrained. In particu-
lar, nudging experiments like those reported here do not ensure that the divergent component of the circulation is
strictly enforced (Davis et al., 2022 DeWeaver & Nigam, 1997; Hitchcock & Haynes, 2014). More comprehensive
(i.e., three-dimensional, full domain) nudging experiments can also exhibit large differences in the Transformed
Eulerian Mean (TEM, Andrews et al., 1987) circulation compared to that of the target state, as was illustrated for
models participating in the Chemistry Climate Modeling Initiative (Chrysanthou et al., 2019; Orbe, Plummer,
et al., 2020). Indeed, Figure 2f, which shows time series of 100 hPa residual vertical velocity (wyg,,) demonstrates
that while there are some similarities between the reanalysis and the nudged simulations, this field is not particu-
larly well constrained by the nudging and generally exhibits lower variability than the reanalysis, especially in the
GFDL model. Note that the seasonal cycle of wyp,, is also poorly constrained in the models (Figure 2e).

While the TEM circulation has not been theorized as central to the QBO-MJO link, we still feel this point impor-
tant to note and highlight the degree to which nudging does not constrain all aspects of the QBO-associated
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(b) NOAA Observed MJO Activity (Dec.-Feb.)
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Figure 3. The observed December-February mean long-wave radiation (OLR) (a) and standard deviation of 20-100 days, eastward wavenumber 1-5, bandpass-filtered
long-wave radiation (OLR) (b). Bottom panels (c—j) show differences between each model (interpolated onto the observed grid) and observations in both quantities.

circulation anomalies. We highlight this issue with nudging in general, and also note this aspect of model bias as
a theoretical or observational avenue that future work on the QBO-MJO link might explore.

3.2. MJO Representation

The models' tropospheres are not nudged, such that MJO performance across the four models is not constrained
by observations. Nevertheless, models whose representations of the MJO are reasonable were prioritized in
this intercomparison, and the four models considered show MJO signals that represent relatively state-of-the-
art capability in simulating the MJO (Danabasoglu et al., 2020; Kim et al., 2022; Zhao et al., 2018). Figure 3
shows the observed December-February (DJF) mean OLR (Figure 3a) and standard deviation of 20-100-day
bandpass-filtered, eastward wavenumber 1-5 filtered, DJF OLR (Figure 3b). The latter is often used as a metric
for MJO convective activity (e.g., Yoo and Son (2016)). Also shown are the model differences from observations
(Figures 3c-3j) for one ensemble member; differences in these diagnostics across ensemble members are small
and thus not shown. Overall, all models capture the overall distribution of winter-time convection with reasonable
fidelity. A common feature in models is slightly too-low OLR over the western Indian ocean and too-strong in
the subtropics. The GISS model also shows a prominent region of negative OLR bias over the eastern and central
Pacific, which we hypothesize may be due to an overly active El Nifio (Kelley et al., 2020), and which is not a
feature other models demonstrate.

Models also show biases in MJO activity, though systematic biases across all models are not readily evident. Two
models—CESM and GISS—show too weak MJO activity in the region of the Maritime Continent. In CESM,
this is accompanied by increased winter-time MJO activity to the north of the Maritime Continent (Figure 3d),
which may indicate the MJO in this model does not detour south of the Maritime Continent to the same extent
as observed. In the GISS model, stronger-than-observed MJO activity is evident in the same eastern and central
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(a) RMM Amplitude by Month (b) DJF RMM Amplitude by MJO Phase
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Figure 4. Real-time Multivariate Madden-Julian oscillation index (RMM) properties for observations and each model,

with shading showing the ensemble spread. Panels show (a) the RMM amplitude binned by month; (b) the RMM amplitude
binned by MJO phase; (c) the lagged autocorrelation in RMM amplitude as a function of day; and (d) the lead-lag correlation
between RMM1 and RMM?2 as a function of day.

Pacific region where mean OLR biases are prominent, possibly due to an extension of convective activities east
of the MJO in this model due to the increased ENSO activity. Smaller biases around the Maritime continent are
evident in GFDL or E3SM; both show slightly less MJO activity, but are generally comparable to observations.

Another way of measuring MJO activity and fidelity is through MJO indices—Figure 4 shows several metrics
of how the RMM index in the models compares with observations. All models capture something akin to the
observed seasonal cycle in RMM amplitude, with higher values in boreal winter and lower values in boreal
summer (Figure 4a), though a range of seasonal cycle behavior is still evident. Models tend to overestimate MJO
activity in late fall and early winter, with the GISS and CESM models looking closest to observations during the
rest of the year. The GFDL model shows weaker amplitude in general during January-March, whereas E3SM
shows stronger MJO amplitude during this period in particular, as well as at other points during the year. During
DIJF, the season when the observed QBO-MJO link is evident, models show a range of RMM amplitudes. Sensi-
tivity of RMM amplitudes to the MJO phase is not large (Figure 4b) in models or observations, though the behav-
ior discussed above is evident with the GFDL model having slightly weaker than observed amplitude, CESM and
GISS being closer to observed, and E3SM showing stronger-than-observed behavior throughout all MJO phases.

Note that the RMM results are somewhat in contrast with the weaker-than-observed signals in MJO activity in
certain models, like CESM, seen in Figure 3. We attribute this difference to several aspects: MJO activity, defined
in Figure 3 using bandpass-filtered OLR, measures the local subseasonal convective variability at each grid
point, whereas RMM measures the global signal of the MJO across convection and circulation, with circulation
signals being more dominant drivers of RMM (Straub, 2013; Ventrice et al., 2013). Biases in particular regions
and variables—Ilike convective activity over the Maritime Continent—may be offset by global wind and convec-
tive signals viewed through RMM. Composite plots of bandpass-filtered OLR onto the RMM phase further
confirmed that OLR signals around the Maritime Continent were weaker than observed (not shown).

Figure 4 also shows the lagged autocorrelation of RMM amplitude in the observations and the model, as well as
the lead-lag correlation between RMM1 and RMM2. Both of these generally highlight that the models' RMM
indices compare favorably to observations, though the RMM in three models (CESM, GISS, and GFDL) has an
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% ' GFDL and CESM somewhat underestimate the degree of the correlation (i.e.,
g 1.5 the minima and maxima in Figure 4d) and the distance between the peaks
= 1.0 e o () is somewhat shorter, indicating slightly faster-than-observed MJO propaga-
= 0.5 o o tion in these two models. But overall, these diagnostics confirm that MJO
8 ' e representation via the RMM index in models is generally comparable to
8 0.0 observations. Some models, such as E3SM, show even stronger MJO ampli-
S _05 ° tude and compare quite favorably with observations.
o
—-1.01
_15 : ‘ ‘ ‘ ‘ 3.3. The Lack of a QBO-MJO Connection
"~ Obs. CESM E3SM GFDL GISS

Model While QBO signals across the models are well-represented with nudging,
and no clear systematic MJO bias appears via the metrics described above,

Figure 5. The change in December-February Madden-Julian oscillation (MJO) none of the four models shows a clear QBO-MJO connection in any ensem-

activity (measured by the standard deviation (in W/m?) of 20100 days filtered,

ble member, or in the ensemble mean. We illustrate this lack of a link

eastward wavenumber 1-5 OLR over the warm pool (50°—170°E, 20°S-5°N),

as in Kim et al. (2020)) between QBOE and QBOW. The shaded bar is the through bo.th changes in the MJO activity (as. defined by the 20-100 days
2.5-97.5 percentile range of changes in MJO activity taken across bootstrapped bandpass-filtered, eastward wavenumber 1-5 filtered OLR) and the correla-
periods in each model or in observations when the QBO was neutral. The tion between the U50 and RMM indices.

Gy 7

observed change is denoted in the left-most column with a black “x.

We first examined changes in MJO activity during QBOE and QBOW

winters (DJF). Figure 5 shows the difference in the standard deviation of
filtered OLR over the Maritime continent region (50°—170°E, 20°S—5°N) between QBOE and QBOW: the strong
increase in the standard deviation in observations (over 2 W/m?, indicating enhanced subseasonal convective
variability during QBOE periods) is not evident in the models. Some ensemble members show positive changes,
but none are as strong as observations, and in the GISS and E3SM models, changes of both signs are found. Note
that the observed values in Figure 5 (~2.4 W/m?) are slightly smaller than the values reported in Kim et al. (2020)
(~2.8 W/m?, see their Figure 3); further analysis (not shown) reveals that this likely reflects our use of NOAA
OLR, whereas ERA-I values were used in that study. Previous studies have also noted a discrepancy in moisture
variance associated with the MJO among different reanalyses (Ren et al., 2021); more to the point, for both cases,
the observed values are still significantly larger than in the models.

Further, we conducted a bootstrap analysis to sample changes in MJO activity over randomly selected winter
periods when the nudged QBO was neutral (Kim et al., 2020), sampling equivalent numbers of QBOE and
QBOW samples to what is found in each model. The bootstrap analysis generally produces larger or comparable
magnitudes in MJO variance than the models' QBO-related signals (shaded bars in Figure 5), indicating that the
simulated QBO signals here are indistinguishable from interannual variability unassociated with the QBO. Two
ensemble members in CESM show slightly higher change than noise, though the relationship is still half of the
observed and a third ensemble member does not show the same link.

Analysis of the correlation between U50 and RMM in the models also does not show a strong QBO-MJO connec-
tion. While the observed QBO-MJO link is evident only in winter, we explored the correlation throughout the
year across all model simulations, since an explanation for why the observed link should appear only in DJF is not
forthcoming and a strong model link in a season aside from winter would still be of interest. Figure 6 shows the
correlation between 3-month mean RMM amplitude and U50 throughout the year. A dip which leads to significant
anticorrelation in observations from November-January to January-March is evident, as other studies have shown
(Marshall et al., 2017; Martin, Son, et al., 2021). Yet no model shows a seasonal modulation like that observed.
One CESM and GISS ensemble member and two members of the GFDL model show limited periods of significant
correlation or anticorrelation, but these are either of the wrong sign (GFDL), are over a limited period (CESM),
or are much weaker than observed (GISS, GFDL, and CESM). As a few spurious correlations can be expected
when analyzing over many ensemble members across many seasons, a few points of significance in the models
are not surprising. Taken as a whole, it seems conclusive that no model shows a significant QBO-MJO link with a
magnitude or characteristics comparable to that in observations. Ensemble means also show no link in any model.

It remains difficult to identify what explains the lack of a QBO-MJO connection in models. MJO biases, for
example, the 3D structure of the MJO, have been noted as a possible source of error that stratospheric nudging
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QBO-MJO Correlation by Season

C

S

©

o

s

@]

s —-0.2

=

o

1)

‘S _06{ ® Obs. e GISS
e CESM e GFDL

-08 E3SM

-1.0

“JJA  JAS ASO SON OND NDJ DJF JFM FMA MAM AM] MJ)
Season (3-Mon Running)

Figure 6. The correlation between the 3-month mean Real-time Multivariate Madden-Julian oscillation index (RMM)
amplitude and U50 QBO index, with the months indicated across the x axis (beginning in June-August and ending May-July).
Each ensemble member is shown separately. The gray shading denotes the 95% significance level using a 7 test; correlations
that are significant above or below that level are denoted with a dot.

experiments do not resolve (M21). Yet absent a clear theoretical hypothesis for what drives the observed
QBO-MIJO interaction, pin-pointing model deficiencies is a challenge. M21 explored whether aliasing between
the imposed QBO and different sea-surface temperature patterns showed any relationship to the QBO-MJO inter-
action, but found no clear signal.

Here we explore two other hypotheses recently presented in the literature (Sakaeda et al., 2020) regarding possi-
ble metrics or mechanisms that may be important for the QBO-MJO link: cloud-radiative feedbacks and the
vertical structure of the MJO. While the nudging experiments conducted here do not correct tropospheric biases
in either MJO cloud feedbacks or vertical structure, diagnosing these aspects of models may illuminate any issues
and help further guide hypotheses of what drives the observed QBO-MJO interaction and their biases in models.

Our first hypothesis, following Sakaeda et al. (2020), is that the uniquely strong cloud-radiative feedback associ-
ated with the observed MJO may make it especially susceptible to modulation by the QBO. In particular, this may
explain why only the MJO and no other tropical convectively coupled waves are modulated by the QBO (Abhik
& Hendon, 2019; Sakaeda et al., 2020). We note that the change in MJO cloud-radiative feedback in different
QBO phases in observations does not appear statistically significant (Sakaeda et al., 2020), making it unclear if
cloud-radiative feedbacks are truly a central mechanism for the QBO-MJO link. Still, if models underestimated
the strength of MJO cloud-radiative feedbacks, it could both help explain the lack of a model QBO-MJO link and
support the hypothesized importance of this physical process.

We diagnose MJO-related cloud-radiative feedback using the greenhouse enhancement parameter (Adames &
Kim, 2016; Kim et al., 2015; Sakaeda et al., 2020), which measures how much reduction in OLR occurs due to
anomalous water vapor and cloudiness per unit of precipitation. A stronger reduction in OLR indicates a colder
cloud top that is generally associated with deeper convection. Our specific methodology follows Adames and
Kim (2016) and Sakaeda et al. (2020) by calculating the relationship between rainfall and OLR during DJF.
We use 20-100 days bandpass-filtered OLR and rain anomalies at latitude-longitude points from 60°—180°E to
15°N-15°S, and due to availability of observed TRMM rainfall data, only the period 1998-2015 is used. To facil-
itate comparison the same time period is used in the models; model results are not sensitive to changing our anal-
ysis using all available years. Rainfall and OLR are binned every 2 W/m? for OLR and every 0.2 mm/hr for rain
in Figure 7, and the slope of the regression line (“7” in Adames and Kim (2016)) represents the cloud-radiative
feedback parameter. The slope of this line, which is negative, indicates how strongly long-wave radiative warming
increases with rainfall.

Our observed value of r (—0.167) agrees very well with Adames and Kim (2016). Values of r across ensemble
members show that the majority of models (CESM, GFDL, GISS) show slightly weaker MJO cloud feedbacks
(higher r values; listed in the top right of each panel in Figure 7), while one model (E3SM) has r values across
the ensemble that correspond well with observations. Further, in models with weaker cloud feedbacks, biases in
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Figure 7. Shading shows the number density of 20-100 days bandpass-filtered rainfall (x axis; scaled by latent heat of vaporization) and long-wave radiation (OLR) (y
axis) anomalies for 0.02 mm/hr and 2 W/m? sized bins. Panels are observations (top left) and the first ensemble member of each model (other panels). The black line is
the regression coefficient between OLR and rainfall, which represents the cloud-radiative feedback parameter. The regression coefficient is listed in the top right; for the
model runs, while only the first ensemble member is shown, the regression coefficient for all three members is listed.

r relative to observations are not large compared to the observed range between the MJO and other convectively
coupled equatorial waves (e.g., Sakaeda et al., 2020; their Figure 14). This shows that the models capture values
of MJO cloud feedback that appear only slightly weaker-than-observed, and coupled with the fact that cloud
feedback in E3SM looks comparable to observations and the model has no QBO-MJO link, capturing the correct
cloud feedback parameter is not enough to ensure a connection of the MJO to the QBO. This does not in and of
itself prove cloud-radiative feedbacks are not central to the observed QBO-MJO link: more complex and subtle
processes may be at play in observations, or other important processes may be missing from models. But at least
by this metric, no major deficiency is evident systematically across the model experiments we conducted.

Further analysis of how the cloud feedback parameter varied in QBOE versus QBOW across the model showed a
wide range of behavior. In observations, Sakaeda et al. (2020) noted a 6% increase in r in QBOE versus QBOW;
while the change was not significant, they suggested stronger cloud-radiative feedbacks in QBOE may be linked
to increased MJO activity in QBOE. We found no robust QBO-related change in » in model simulations: in all
four models at least one ensemble member showed an increase of r in QBOE versus QBOW and at least one
member showed a decrease, suggesting no systematic relationship between the imposed QBO and cloud-radiative
feedbacks. The interpretation of this finding would depend on whether the observed connection between r and
the QBO phase is indeed robust and at this point it is unclear whether that is the case (Sakaeda et al., 2020).
If the observed connection is robust, then the fact that the models do not exhibit it could be a potential reason
for their lack of QBO-MJO connection. However, if the connection between r and the QBO is not meaningful in
observations, then the model results here are consistent with there not being a true connection. Thus, future work
which examines how cloud feedbacks, the QBO, and the MJO interact in observations in more detail would be
very useful.

A second hypothesis we examine is that biases in the vertical structure of the MJO—in particular the vertical
velocity—may be important. Several studies have proposed that the MJO's vertical structure may be important
in explaining why and how it is modulated by the QBO, either through the vertical structure of MJO tempera-
ture signals in the TTL (Hendon & Abhik, 2018) or through the vertical top-heaviness of MJO vertical velocity
(Sakaeda et al., 2020).
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Figure 8. Regression plots of December-February (DJF) temperature, zonal wind, and vertical velocity as well as long-wave radiation (OLR) (bottom portion of each
panel) regressed onto the Real-time Multivariate Madden-Julian oscillation index (RMM) index. Variables are averaged from 5°S to 5°N and from 125°E to 130°E,
and the seasonal cycle is removed before regressing against RMM1-RMM2 (Phase 3/4), RMM1 (Phase 4/5), RMM1 + RMM2 (Phase 5/6), and RMM2 (Phase 6/7).
Multiplying these values by negative one represents Madden-Julian oscillation (MJO) Phases 7/8 to 2/3. The regression coefficient is scaled by the standard deviation
of each variable, and vertical velocity is multiplied by —1 (upward indicates ascent), and by 1,000 for ease of interpretation. The y axis is log pressure. MJO phases are
shown in descending order so that eastward propagation is depicted from left to right.

We diagnose how well the models represent the MJO's vertical structure via a regression analysis focusing in
particular on equatorial signals in vertical velocity, zonal wind, and temperature around the Maritime Conti-
nent region where the observed QBO-MJO link is strongest (Figure 3b). Figure 8 shows wind and temperature
signals around the Maritime Continent regressed onto RMM phases 1-8 following the methodology described
in Hendon and Abhik (2018) for ERA-5 reanalysis and the four models. This localized region, in which MJO
activity is high and the MJO-QBO signal is pronounced (Kim et al., 2020, see their Figure 1), is chosen to ensure
consistency with prior literature. Over this region, models show a range of vertical structures in temperature and
wind that look generally quite similar to the observations (Figure 8). In particular, all models show TTL “cold
caps” (Holloway & Neelin, 2007) above and slightly east of peak convection in MJO phases 4 and 5. The precise
phasing and magnitude of model cold caps differ somewhat: the signal is slightly too weak in the GISS model
(as noted in M21), but has comparable strength to reanalysis in the other three models. Most models also show
upward propagation of Kelvin waves into the stratosphere emanating from the MJO (upward tilting warm and
cold anomalies above ~125 hPa), though this feature is not evident in the GFDL model.

While temperature and wind signals look comparable in Figure 8, we examined the model MJO vertical velocity
in more detail, as Sakaeda et al. (2020) have pointed to the top-heaviness of MJO vertical velocity as possibly
important for the observed QBO-MJO link. Again we focus on vertical velocity signals around the Maritime
Continent where the observed QBO-MIJO link is strongest. Figure 9 shows a similar regression plot to Figure 8,
regressing vertical velocity against RMM1 (corresponding to the MJO Phase 4/5) and taking a slightly broader
120°—150°E region where strong convection during active MJO is evident. Comparison of reanalysis (ERA-5)
and model vertical velocity (Figure 9) indicates that models tend to show vertical velocity profiles associated with
the MJO around the MC that are either too bottom-heavy (E3SM, CESM, GISS), or too weak overall (GFDL).
For bottom-heavy models, vertical velocity peaks in the upper troposphere around 600 hPa, whereas the observed
peak tends to be between 400 and 500 hPa, consistent qualitatively with other studies (Inoue et al., 2020; Sakaeda
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et al., 2020). In the case of the GFDL model, the peak in vertical velocity is

more comparable to the reanalysis but overall ascent is much weaker through-

out the troposphere. Note that although Figure 9 only shows vertical veloc-
ities from ERA-5, Sakaeda et al. (2020) identified a strong top-heaviness of
vertical motion associated with the MJO in two separate reanalysis products
(ERA-I and JRA-55, Kobayashi et al., 2015). That said, care must be taken
when quantitatively comparing against reanalysis vertical velocities, as these
likely reflect large contributions from underlying model physics as well.

These caveats aside, the results shown in Figure 9 point to a potential common
deficiency across models related to the vertical structure of the vertical
velocity. Coupled with a weaker cloud-radiative feedback in some models,
it is possible that this may in part contribute to the lack of a QBO-MJO link
observed, though we note that E3SM shows a comparable cloud-radiative

Figure 9. Regression plots of December-February (DJF) vertical velocity,
similar to Figure 8, but for Madden-Julian oscillation (MJO) Phase 4/5 (e.g.,
regression onto RMM 1) averaged over 120°—150°E (e.g., capturing active

feedback to that observed and still did not possess a QBO-MJO link. This

v 00“ QOQ’ QQQ’ 6"0 makes it difficult to point directly to biases in vertical velocity as the main
© © © © © culprit of the missing QBO-MJO link in models, but does suggest more
- w (hPa/s) work centered on understanding how vertical velocity profiles associated

with MJO convection, and more generally the vertical structure of the MJO,
may be connected to the QBO-MJO linkage would be valuable and possibly
illuminating.

MIJO conditions over the Maritime Continent, and averaging over the region of

deep convection and ascent).

4. Discussion and Conclusions

The observed QBO-MJO connection—an increase in MJO activity in the

easterly phase of QBO relative to the westerly phase—remains difficult to
capture in free-running climate models. Building on previous work (M21), we carried out a series of experiments
in which the stratosphere in four climate models was nudged toward reanalysis, imposing QBO signals while
allowing the troposphere to freely evolve. The four state-of-the-art climate models were run from 1980 to 2015,
with three ensemble members per simulation, nudged toward reanalysis during that period. Despite very good
representation of the key aspects of the QBO, including wind and temperature signals, we find that no model
exhibits a QBO-MJO connection that is comparable to that in observations.

In examining the possible cause of why models show no QBO-MJO link, we explored model representation of
the MJO, including the vertical structure of the MJO around the Maritime Continent, and cloud-radiative feed-
backs associated with the observed versus modeled MJO. Too-weak cloud-radiative feedbacks were one hypoth-
esized reason for the lack of the QBO-MJO link, but that does not appear to be the case overall: MJO-related
cloud-radiative feedbacks were somewhat weaker than observed in most models, but one (E3SM) showed values
consistent with observations and still failed to show a QBO-MJO link. This does not mean that clouds are
not central to the observed link, but highlights the need for more specific and testable hypotheses. In particular,
we noted that while the observed MJO cloud-radiative feedbacks strengthened slightly during QBOE, models
do not simulate this change. Whether this indicates that the observed change is not significant (as was found in
Sakaeda et al. (2020)) or that the models miss an important process remains unresolved.

We showed that models have vertical structures of wind and temperature that are largely consistent with obser-
vations, including finding that all models represent a cold cap above active MJO convection. However, model
vertical velocity appears either weaker or more bottom-heavy than observed. Sakaeda et al. (2020) identified
the top-heavy nature of MJO vertical velocity as possibly important for explaining features of the observed
QBO-MIJO connection, like why it manifests only in winter, while other convectively coupled waves are not
affected (Abhik & Hendon, 2019; Sakaeda et al., 2020), and why an observed QBO-MJO link does not appear
to have existed prior to ~1980 (Klotzbach et al., 2019). A specific hypothesis regarding how the MJO's vertical
structure may link the QBO and MJO is still lacking however, and future work examining this aspect of the
QBO-MIJO link may also be fruitful.

Overall, however, it remains possible that a host of other model biases or processes could contribute to the lack
of a QBO-MJO connection. The results here, coupled with findings in M21 using a larger ensemble in a single
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model, strongly suggest that nudging of the QBO winds in conventional climate models is not sufficient to
capture a QBO-MJO connection. This implies that stratospheric biases in the zonal wind or the temperature of
the tropics of climate models is not the reason, or at least not the only reason, why models fail to simulate the
QBO-MIJO connection. Stratospheric biases still exist with nudging however; as we noted, the divergent TEM
circulation in the stratosphere for example, is much less constrained with nudging. It is not clear whether this is
important for the QBO-MJO link, but continuing to examine other stratospheric biases in models as they relate
to the MJO may help guide future modeling strategies. In particular, one contributor to differences among the
models might relate to the use of interactive ozone schemes, wherein local temperatures are modified by prog-
nostic stratospheric ozone through changes in solar heating. Though beyond the scope of this study, recent work
has highlighted the importance of ozone feedbacks on QBO structure (DallaSanta et al., 2021) and future work
should examine whether this may influence QBO-MJO modulation in models.

In addition to stratospheric biases, tropospheric biases may be important, especially as they relate to the MJO, or
having an interactive stratosphere rather than a nudged one may be central for capturing the QBO-MJO connec-
tion through improved representation of the QBO descent into the lowermost stratosphere (Butchart et al., 2003;
DallaSanta et al., 2021), while also not limiting wave-mean flow interactions. We recommend future approaches
or modeling experiments in particular to look at different modeling frameworks, perhaps at higher resolution
using super-parameterization.

Finally, we emphasize that the data set here offers a unique suite of experiments in which to examine other
questions related to downward stratospheric impacts in climate models, not limited to those in the tropics.
Future work leveraging the output from these model experiments may therefore be of interest to the broader
stratosphere-troposphere community.

Data Availability Statement

All observational and reanalysis data sets used in this study are publicly available. The RMM index is available at
http://www.bom.gov.au/climate/mjo/. For reanalysis and observed data, NOAA Interpolated OLR (Liebmann &
Smith, 1996) is available at https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html; ERA-5 reanalysis (Hersbach
et al. (2020)) is available at https://cds.climate.copernicus.eu/#!/search?text=ER A5 &type=dataset. TRMM data
are available from https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7/summary. Data from the modeling
experiments used in the figures and analysis in this study is available at https://doi.org/10.5281/zenodo.7647503.
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