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Abstract The impact of the quasi-biennial oscillation (QBO) on tropical convection and precipitation

is investigated through nudging experiments using the UK Met Office Hadley Center Unified Model. The
model control simulations show robust links between the internally generated QBO and tropical precipitation
and circulation. The model zonal wind in the tropical stratosphere was nudged above 90 hPa in atmosphere-
only and coupled ocean-atmosphere configurations. The convection and precipitation in the atmosphere-

only simulations do not differ between the experiments with and without nudging, which may indicate that
SST-convection coupling is needed for any QBO influence on the tropical lower troposphere and surface.

In the coupled experiments, the precipitation and sea-surface temperature relationships with the QBO

phase disappear when nudging is applied. Imposing a realistic QBO-driven static stability anomaly in the
upper-troposphere lower-stratosphere is not sufficient to simulate tropical surface impacts. The nudging reduced
the influence of the lower troposphere on the upper branch of the Walker circulation, irrespective of the QBO,
indicating that the upper tropospheric zonal circulation has been decoupled from the surface by the nudging.
These results suggest that grid-point nudging mutes relevant feedback processes occurring at the tropopause
level, including high cloud radiative effects and wave mean flow interactions, which may play a key role in
stratospheric-tropospheric coupling.

Plain Language Summary The interaction between the stratosphere and the troposphere is well
known to produce surface impacts in the extratropics. However, whether stratosphere-troposphere interactions
affect the surface in the tropics associated with the variability of the stratospheric quasi-biennial oscillation
(QBO) is yet to be determined because the observational record is too short and tropical tropospheric variability
masks any potential signal of the stratosphere. In this paper, we examine hypotheses that explain how the

QBO could affect tropical deep convection and tropical precipitation variability through targeted model
experiments which prescribe the equatorial stratosphere. Our results indicate that prescribing the zonal wind in
the stratosphere remove links between surface precipitation and the QBO. Therefore, nudging the stratosphere
decouples the stratospheric mean flow and anomalies from the tropospheric processes, which emphasizes the
role of feedbacks.

1. Introduction

The stratospheric quasi-biennial oscillation (QBO) has been linked to tropical deep convection for several decades
(Collimore et al., 2003; Giorgetta et al., 1999; W. M. Gray, 1984; Hitchman et al., 2021; Liess & Geller, 2012).
Observations show that the magnitude and location of tropical precipitation as well as several cloud properties are
statistically related to the QBO phase (Garcia-Franco et al., 2022; L. J. Gray et al., 2018; Liess & Geller, 2012;
Sweeney et al., 2023; Tseng & Fu, 2017). However, the extent to which the tropical troposphere and stratosphere
are coupled, as well as the mechanisms that connect these two layers, remain a matter of debate for several
reasons (Haynes et al., 2021; Hitchman et al., 2021; Martin, Son, et al., 2021).

First, the observational record is relatively short to disentangle any effect of the QBO on tropical convection
from the strong influence of El Nifio-Southern Oscillation (ENSO), which is the dominant driver of tropical
variability on interannual timescales (Garcia-Franco et al., 2020, 2022; Hu et al., 2012). ENSO influences the
QBO, for example, its descent rate and amplitude through its modulation of the tropical waves that generate the
QBO (Geller et al., 2016; Schirber, 2015; Taguchi, 2010). Figure 1 shows the QBO W-E composite difference in
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the observed (1979-2021) sea-surface temperature (SST) record which resembles an El Nifio-like pattern due to
the observed aliasing between the QBO and ENSO in recent decades (Domeisen et al., 2019; Garcia-Franco
et al., 2022). For these reasons, the attribution of anomalies in the tropics to the QBO usually requires the removal
of the ENSO signal through linear regression (L. J. Gray et al., 2018; J.-H. Lee et al., 2019; Liess & Geller, 2012;
Sweeney et al., 2023).

Second, there is no clear understanding of how the QBO could modulate tropical deep convection. Several
hypotheses have been proposed to explain a coupling of the QBO and the tropical troposphere which involve
static stability (e.g., Haynes et al., 2021; Nie & Sobel, 2015), vertical wind shear (e.g., W. M. Gray et al., 1992),
a QBO-Walker circulation feedback (e.g., Garcia-Franco et al., 2022; Hitchman et al., 2021; Yasunari, 1989) and
cloud feedbacks (Sakaeda et al., 2020). However, there is no clear understanding which of these hypotheses, if
any, is the primary mechanism for a downward impact from the QBO on tropical convection.

The static stability hypothesis suggests that induced meridional circulation driven by the descending QBO shear
impacts the static stability in the region of the upper troposphere-lower stratosphere (UTLS; Back et al., 2020;
Collimore et al., 2003; Giorgetta et al., 1999; W. M. Gray et al., 1992; Liess & Geller, 2012; Nie & Sobel, 2015).
This hypothesis suggests that decreased UTLS static stability, found under the easterly phase (QBOE) compared
to the westerly phase (QBOW), leads to enhanced convection under QBOE (Collimore et al., 2003) which could
also explain, for example, the stronger convection associated with the Madden—Julian Oscillation under QBOE
conditions (Back et al., 2020; Hendon & Abhik, 2018; Son et al., 2017; Yoo & Son, 2016).

Observational and modeling results indicate that the QBO impact in the tropics is not zonally symmetric
(Collimore et al., 2003; Garcia-Franco et al., 2022; Liess & Geller, 2012). For this reason, several studies have
suggested an interaction between the QBO and the Walker circulation (Hitchman et al., 2021; Hu et al., 2012;
Liess & Geller, 2012; Yasunari, 1989). Observations show that the Walker circulation was weaker under QBOW
compared to QBOE in the period of 1979-2021 (Garcia-Franco et al., 2022; Hitchman et al., 2021) but the causal
direction of this relationship remains to be well understood.

Cloud-radiative effects (CREs) associated with the variability of tropical upper-level clouds have been proposed
to explain the QBO-MJO link (Lim & Son, 2022; Lin & Emanuel, 2023; Martin, Son, et al., 2021; Sakaeda
et al., 2020; Sun et al., 2019). It is also plausible that high cloud variability explains the QBO tropical surface
impacts more generally. For instance, observations show that the QBO is strongly linked to the interannual vari-
ability of upper-level clouds in the tropical tropopause layer (TTL; Davis et al., 2013; Liess & Geller, 2012;
Tegtmeier et al., 2020; Tseng & Fu, 2017), with higher cloud fraction observed under QBOE compared to QBOW
(Davis et al., 2013; Sweeney et al., 2023; Zhang & Zhang, 2018). One possible mechanism is that a QBO modu-
lation of the mean state of cloud fraction affects the stability of the UTLS. In particular, more clouds under
QBOE could lead to a radiative cooling of the stratosphere and warming of the upper troposphere (Hartmann
et al., 2001), which would destabilize the upper troposphere (Hong et al., 2016; Needham & Randall, 2021).

A second potential mechanism involves cloud radiative feedbacks (Lin & Emanuel, 2023; Sakaeda et al., 2020).
If convection is more efficient at producing high clouds under QBOE, either through a thermodynamic modu-
lation of tropopause temperatures (Sakaeda et al., 2020) or dynamically due to upward wave propagation inter-
acting with the stratospheric mean flow (Lin & Emanuel, 2023), then, when convection occurs anomalous high
cloud coverage would lead to CREs (Hartmann & Berry, 2017). The high cloud radiative feedbacks can change
the buoyancy of ascending parcels (Allan, 2011; Harrop & Hartmann, 2016; Hartmann & Berry, 2017; Ridel
et al., 2016). Both mechanisms would result in increased convective activity and precipitation under QBOE
compared to QBOW.

Since observations and theory have not successfully identified the mechanism for QBO tropical teleconnec-
tions, several studies have turned to numerical models such as cloud-resolving models (CRMs; Back et al., 2020;
Martin et al., 2019; Nie & Sobel, 2015) and General Circulation Models (GCMs; H. Kim et al., 2020; J. C.
K. Lee & Klingaman, 2018; Serva et al., 2022) to identify pathways of stratospheric-tropospheric coupling.
Although GCMs are more comprehensive than CRMs, stratospheric and tropospheric biases have hindered the
potential use of these models to tackle this problem. For example, GCMs underestimate the amplitude of the
QBO in the lowermost stratosphere (Figure S1 in Supporting Information S1 and H. Kim et al., 2020; J. C. K.
Lee & Klingaman, 2018; Martin, Orbe, et al., 2021) which means that the variability of the UTLS static stability
associated with the QBO is lower than observed (Bushell et al., 2020; J. C. K. Lee & Klingaman, 2018; Rao
et al., 2020; Richter et al., 2020; Schenzinger et al., 2017).
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Figure 1. Annual mean sea-surface temperature (SST) [K] QBO W-E differences in (a) HadSST data set and (b) the
pre-industrial control simulation of the Unified Model GC31-LL pi. Hatching denotes significance to the 95% confidence
level.

The weak QBO amplitude bias in the lower stratosphere (Figure S1 in Supporting Information S1) has been
hypothesized to explain why some observed teleconnections, including the MJO-QBO relationship, are not diag-
nosed in GCMs (H. Kim et al., 2020; J. C. K. Lee & Klingaman, 2018; Martin, Orbe, et al., 2021). Due to these
biases, several studies have performed or suggested experiments in which the model stratosphere is relaxed toward
an observed or idealized state of the stratosphere, also known as nudging (e.g., Garfinkel & Hartmann, 2011; J.
C. K. Lee & Klingaman, 2018; Martin, Orbe, et al., 2021; Richter et al., 2020). The nudging technique can
help remove biases, identify causal pathways and test specific hypotheses to understand mechanisms (L. Gray
et al., 2020; Haynes et al., 2021; Politowicz & Hitchman, 1997).

This study aims to understand QBO tropical teleconnections by addressing the issue of QBO model biases using
experiments with stratospheric nudging of the Met Office Hadley Center (MOHC) Unified Model (UM). The
UM is a state-of-the-art GCM that is able to simulate an internally generated QBO that is reasonably similar to
observations, except for the weak amplitude bias in the lower stratosphere (Richter et al., 2020). The UM exhibits
robust signals of the QBO in the tropical troposphere (Garcia-Franco et al., 2022), including an SST signal (see
Figure 1) that is similar to the observed record. In addition, nudging has previously been successfully applied in
this model (L. Gray et al., 2020; Telford et al., 2008).

The main purpose of this study is to evaluate the effect of nudging on the representation of tropical surface
impacts of the QBO. The results of these experiments are used to critically examine several of the existing
hypotheses suggested to explain QBO-convection links: the static stability mechanism, QBO-Walker circulation
relationships, and the role of high clouds. The paper is presented as follows. Section 2 describes the nudging
experiments and datasets used to inform the experimental results. Section 3 presents the results of the experi-
ments. The final section presents a discussion and conclusions that can be drawn from this study.

2. Model, Methodology and Data
2.1. The Met Office Unified Model

The MOHC UM uses a seamless modeling framework that allows the setup of simulations using various configu-
rations; for example, various horizontal resolutions can be used while maintaining the same parametrizations and
dynamical core (Walters et al., 2019). The version of the UM used in this study employs the Global Coupled (GC)
configuration 3.1 (GC3.1; Walters et al., 2019; Williams et al., 2018). The model is run in both atmosphere-only
(AMIP) and in coupled ocean-atmosphere mode. The model has 85 atmospheric levels, 4 soil levels and 75 ocean
levels with a model top at 0.4 hPa (approximately 85 km; Walters et al., 2019). All experiments, both AMIP and
coupled, were run at N96 atmospheric horizontal resolution (1.875° latitude X 1.25° longitude). The coupled
experiments use an oceanic resolution of 0.25° (ORCA025) using the NEMO model (Storkey et al., 2018). The
model includes a self-generated QBO via a non-orographic gravity wave scheme (Bushell et al., 2015; Walters
et al., 2019) that compares well with the observed QBO (Richter et al., 2020).

2.2. Nudging Scheme

Nudging refers to the relaxation of a model variable toward a specified state, which can be taken from reanalysis,
observations or idealized states (L. Gray et al., 2020; Martin, Orbe, et al., 2021). In the UM setup, three variables
can be nudged: air temperature (7) and the zonal (x) and meridional (v) components of the wind; in this study
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we use ERAS as the nudging data. The relaxation is applied at each grid-point, in contrast to other studies (e.g.,
Martin, Orbe, et al., 2021) that employ a spectral model and apply the relaxation only to the zonal-mean compo-
nent. Specifically, the UM uses a Newtonian relaxation technique (L. Gray et al., 2020; Telford et al., 2008) which
sets the field to be nudged (F) at each time-step through the following equation:

AF = GAI(ENJg - Fmade[)7 (1)

where AF is the discrete change of F at each time-step, G is the relaxation parameter, Az is the time interval [h],
F,, is the value of the field from the nudging data and F, ,,,, is the model value of the field at the last time-step

(Telford et al., 2008).

The relaxation parameter G sets the strength of the nudging and is linked with the relaxation timescale (z) by
G = 1/z. Previous studies (L. Gray et al., 2020; Telford et al., 2008) have shown that a 6-hr relaxation time-scale
is sufficient to constrain the stratosphere in the model and so the same parameter was used for our simulations
(G=1h).

6

In all experiments, nudging is applied at all longitudes and at full strength within the latitude band of 10°S—10°N,
with a linear tapering of 10° so that G = 0 poleward of 20N and 20S. The nudging is applied at full strength
between 10 and 70 hPa (model levels 50-72) with a linear tapering of four model levels above and below this
range so that G = 0 at all heights below 90 hPa and above 4 hPa. The lowermost level of nudging is above the
maximum of UTLS cloud fraction (Lin & Emanuel, 2023), however, observations show a QBO influence on
UTLS clouds within our nudging domain, extending from 15 to 19 km (Sweeney et al., 2023).

2.3. Experimental Design

All experiments, both AMIP and coupled, use a present-day climate configuration where all external forcings are
set constant to those of the year 2000. Atmosphere-only (AMIP) experiments are performed to examine whether
the QBO modifies tropical deep convection and precipitation under prescribed SSTs or whether SST feedbacks
are necessary for QBO-tropical connections. Three sets of AMIP experiments were run: Control, Nudged and
Shifted. For each experiment, a three-member ensemble of the AMIP simulations were performed for 32 years
(1981-2012) using prescribed SST and sea-ice for the period 1981-2012 provided in the AMIP forcing specifi-
cation of the CMIP6 project. In the control experiment, the model stratosphere was free to evolve. In the Nudged
experiment, the equatorial zonal wind was nudged, as described in the previous section, toward ERAS nudging
data corresponding with the same years as the SST data.

The Shifted experiment was run to check whether any QBO responses found in the troposphere arose solely as
a result of the imposed QBO winds or whether they also relied on an in-phase relationship with the imposed
SSTs (which also contain a QBO signal, as shown in Figure 1a). In the shifted experiment, the nudging data was
shifted by 1 year with respect to the SSTs. Thus, the model year 1997 was run using 1997 SSTs but zonal winds
in the stratosphere were those of 1996, so that any QBO signal in the imposed SST field did not align with the
QBO signal in the atmosphere. An alternative approach would be to shuffle the SSTs so that each year is run
with randomly selected SSTs. However, since we are performing multi-year simulations shuffling has associ-
ated issues of how to join the randomly-selected SSTs at the year-boundary to form a coherent multi-year SST
time-series. To avoid this issue we decided to simply shift the zonal wind nudging data by 1 year so the QBO
phase and SSTs were not aligned.

Coupled ocean-atmosphere experiments are performed to diagnose potential SST-convection relationships with
the QBO. A six-member control ensemble and a six-member nudged ensemble were run for 35 years (1981—
2015 model years). Each ensemble member was initialized from different ocean/atmosphere initial conditions,
in order to decrease the role that internal variability may have on these simulations. Specifically, the coupled
ocean-atmosphere configuration was initialized using oceanic conditions from a 100-year simulation of the same
model configuration that were taken 10 years apart from each other.

In addition to the main experiments described above, which are relatively short, a 500-year coupled
ocean-atmosphere CMIP6 pre-industrial control simulation (Figure 1b) is used to assess internal variability. This
CMIP6 simulation uses the same model set-up but with constant external forcing at pre-industrial levels (Menary
et al., 2018). A summary of the experiments is given in Table 1.
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Table 1
Experimental Setup Indicating the Model Configuration, the Period, Number of Ensemble Members (Ens.) and Relaxation
Details

Name Configuration Period Ens. Nudging

AMIP Atmosphere-only 1981-2012 3 ERAS

AMIP-Control Atmosphere-only 19812012 3 No nudging

AMIP-Shifted Atmosphere-only 1981-2012 3 ERAS Relaxation shifted—1 year
Coupled Nudged Coupled ocean-atmosphere 1981-2015 6 ERAS

Coupled Control Coupled ocean-atmosphere 1981-2015 6 No nudging

2.4. Indices and Analysis Methods

Composite and regression analysis are used to evaluate the differences amongst experiments, as in Garcia-Franco
et al. (2022). ENSO is measured through the standard Oceanic Nifio Index, that is, the time-series of
area-averaged SSTs in the Nifio 3.4 region (hereafter EN3.4 Trenberth, 1997) and a 5-month running mean
using a 0.5 K threshold to define positive or negative events. The QBO index is defined using the equatorial
average [10S—10N] of zonal wind at the 70 hPa level and a +2 m s~! threshold to define W and E phases.
Given the observed and simulated relationship between the QBO and convection in the Indian Ocean found
by Garcia-Franco et al. (2022), we analyze the impact of nudging on the same index of the zonal gradient of
convective activity in the Indian Ocean as a proxy of the Indian Ocean Dipole (IOD). Statistical significance in
observations and individual ensemble members is diagnosed using a bootstrapping method with replacement,
whereas for all ensemble-mean differences, given their relative larger sample size, standard two-sided #-tests
are used.

2.5. Observations and Reanalysis

Observational data of precipitation and SSTs are used in this study. The Global Precipitation Climatology Project
(GPCP) v2.3 (Adler et al., 2003) data set is used for precipitation analyses and the HadSST v4.0 (Kennedy
et al., 2019) for SST. For the remaining diagnostics, including the zonal wind and convective precipitation we
use the reanalysis ERAS from the European Center for Medium-Range Weather Forecasts (ECMWF; Hersbach
et al., 2020) downloaded at 0.75° X 0.75° resolution. In all cases the data cover the period 1979-2021.

3. Results

This section first shows the impact of QBO nudging on the temperature and zonal wind variability associated
with the QBO, to demonstrate that the simulations are suited for the purposes of this study. The results of the
atmosphere-only and coupled experiments are presented in Sections 3.2 and 3.3, respectively. The results of
these experiments are then used to investigate three of the main hypotheses for QBO tropical teleconnections in
Section 3.4.

3.1. The Impact of Nudging on UTLS Variability

The impact of nudging on UTLS variability is demonstrated in Figure 2 which shows that nudging increases the
UTLS temperature and zonal wind variability associated with the QBO. The AMIP/coupled nudged experiments
exhibit a wider and stronger QBO signal than their corresponding control experiments and the CMIP6 experiment
and more closely resemble the results from ERAS, even at subtropical latitudes where nudging was not applied.

The control-minus-nudged difference plots (Figure S2 in Supporting Information S1) illustrate that both model
configurations (AMIP/coupled) have substantial biases in the strength of the QBO variability. The QBO variability
is too strong in the mid-stratosphere (between 10 and 40 hPa) and too weak in the equatorial lowermost strato-
sphere (between 70 and 90 hPa). Note, for example, that QBO W-E temperature differences reach approximately
2.5 K in the AMIP nudged run (Figure 2b) but only 1 K in the AMIP control (Figure 2e). These results indicate
that the nudging experiments has eliminated the weak bias in QBO variability of the modeled tropical UTLS
region and these experiments are suitable for exploring the effect of nudging the QBO on the tropical surface.
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Figure 2. Latitude-height plot of the zonal-mean temperature (shading) and zonal wind (contours in m s~') QBO W-E differences in (a) ERAS5, the nudged simulations
in (b) AMIP and (c) coupled configurations and (d) GC3 N96-pi from CMIP®6, the control simulations with no nudging in an (e) AMIP and (f) coupled configurations.

3.2. Atmosphere-Only Experiments

This section shows the results of the atmosphere-only experiments: AMIP Nudged, AMIP Control and AMIP
Shifted, compared to observations (1981-2012). The annual-mean composite difference of precipitation between
QBOW and E phases from the three experiments are compared with GPCP differences in Figure 3 (similar results
are found for seasonal-mean composite differences—see e.g., Figure S3 in Supporting Information S1 for the
December-February (DJF) results). The AMIP control experiment shows little similarity to the observations. This
could be because the QBO in the control simulation is substantially underestimated in the lowermost stratosphere
(as discussed in the previous section) or because the QBO mechanism involves a coupling with the ocean that is
unable to operate because the SSTs are imposed.

a) GPCP
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Figure 3. Annual-mean precipitation composite differences (QBO W-E in mm day~!) in (a) Global Precipitation
Climatology Project (GPCP), and atmosphere-only experiments: (b) AMIP CTRL, (c) AMIP Nudged and (d) AMIP Shifted.

GARCIA-FRANCO ET AL.

6 of 19

[umo( ‘ST *€20T ‘9668691C

:sdyy wouy pape

ASUADIT SUOWWO)) dA1EAI) 3[qear[dde ay) £q PauIaA0S aIe SI[IIIE YO OSN JO SN 10§ AIRIqI] AUIUQ AJ[IAY UO (SUOTIPUOI-PUB-SULIA)/ WO AA[IM ATeIqI[aul[uo//:sd)y) SUONIpuo)) pue SULI L, Y 23S “[$70T/L0/L1] uo Areiqr auruQ A1 IS3L £q $F8E0ALET0T/6201 0 1/10p/wod KM’ Kreiqraurfuo-sqndi



A7 .
A\IV Journal of Geophysical Research: Atmospheres 10.1029/2023JD038474

ADVANCING EARTH
AND SPACE SCIENCES

_ — ERAS —-— Shifted (0.95)
7 --- Nudged (0.93) —— CTRL (0.94)
>
©
T
£
= —-— Shifted (0.76)

2 L] --- Nudged (0.75) —— CTRL(0.77) [ 2
7 7 7 ; 7 . 5.0
20 1

&
£ °
= -20
(=4
3 -51 — ERAS —-— Shifted (0.66) |~401 — ERAS —-— Shifted (0.93)

--= Nudged (0.57) — CTRL(0.58) | | --- Nudged (0.92) —— CTRL (0.94)
107]e . — ERAS —— Shifted (:0.65) | 107 @1 . — ERAS —-— Shifted (-0.67)

— 7\ --- Nudged (1.0) —— CTRL (0.05) /™ ---''Nudged (0.99) —— CTRL (0.09)

- 54 P ' 51 L \

W - : o~ g 2 A N
£ 0 ot i
R

S5 =51 =51

N
-10{ -101 v
3 3
9] —— ERAS —-— Shifted (-0.25) —— ERAS —-— Shifted (0.58)
29 ——— Nudged (0.42) —— CTRL (0.08) [*—-— Nudged (0.7) —— CTRL (0.69)
g . /\ %
o 01
=
= -1 e
-2 '\‘/

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Figure 4. Time-series in the atmosphere-only experiments of (a, b) precipitation, (c, d) outgoing longwave radiation (OLR), (e, f) zonal wind at 70 hPa (U,,) and (g, h)
air temperature at 100 hPa. The timeseries are shown for quantities averaged over the (left) zonal-mean equatorial [S°S—5°N] and (right) EN3.4 regions. For each AMIP
experiment the Pearson correlation coefficient between the experiment and ERAS is shown in the legend.

The AMIP Nudged ensemble-mean matches more closely the results of GPCP, characterized by an El Niflo-like
pattern in the Pacific Ocean, a weaker Atlantic ITCZ and a zonal gradient of precipitation in the Indian Ocean
during QBOW compared to QBOE. This could be because the bias in the QBO amplitude has been corrected by the
nudging, but it could also be because there is a QBO signal already present in the imposed observed SSTs and nudg-
ing the QBO winds means that the QBO compositing has selected the correct years. The AMIP Shifted experiment
shows little similarity to the observed response. This confirms that the similarity in the precipitation differences
between the observations and the AMIP Nudged experiment was not due to correcting the bias in QBO winds.

These results suggest, therefore, that the underlying SSTs are more important than the QBO winds. However, it
may still be the case that tropical convection is sensitive to the QBO phase in these simulations and this effect is
hidden by the strong effect of SST forcing. Time-series of the deseasonalized anomalies of multiple diagnostics
averaged over all equatorial latitudes and also locally in the EN3.4 regions are shown in Figure 4. The tropi-
cal mean outgoing longwave radiation (OLR) and precipitation are not significantly affected by the nudging,
confirming that convective activity is independent from the state of the QBO at 70 hPa in these simulations.
The correlation coefficients of precipitation and OLR with respect to observations (a, b) are indistinguishable
between experiments, both for the tropics-wide (a, c¢) and for the EN3.4 region (b, d).

The timeseries of the equatorial zonal mean zonal wind at 70 hPa (U,; Figure 4e) shows a perfect correlation
between ERAS and the Nudged experiment, as expected. In contrast, the correlation of ERAS with AMIP CTRL
is virtually zero, because the ensemble-mean zonal wind of the CTRL collapses to near zero values. The Shifted
experiment shows a negative and high correlation (0.65) with ERAS, which is not surprising, since the nudging
data have been shifted by 1 year that is, approximately half a QBO cycle.

The timeseries of the near-tropopause temperature (7T,; Figures 4g and 4h) shows that the Nudged ensemble is
correlated with ERAS in the tropical mean. This correlation increases for the EN3.4 region in all the experiments
such that the three simulations are well correlated with ERAS, although the Shifted experiment shows the lowest
correlation. These results suggest the near-tropopause temperature is controlled by the QBO in the zonal-mean
but by local SSTs at regional scales. In short, this section shows that in atmosphere-only experiments the nudging
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Figure 5. As in Figure 1 but for results of the (a, ¢) Coupled Control and (b, d) Coupled Nudged ensemble-mean (a, b)
sea-surface temperature [K] and (c, d) precipitation [mm day~'].

produces the expected impacts in U, and the zonal-mean T, however, the nudging appears to have no made
impact on the simulation of precipitation and OLR.

3.3. Coupled Experiments

This section analyses the coupled ocean-atmosphere experiments, referred to as the Coupled Nudged and the
Coupled Control simulations, each of which consist of six ensemble members (see Table 1).

The annual mean QBO W-E ensemble-mean difference in tropical SSTs from the coupled control experiments
(Figures 5a—5c¢) compares reasonably well with the results from HadSST and GC3 LL-pi (Figure 1). The precip-
itation response (Figure 5c) follows closely the SST patterns characterized by shifts of the ITCZ in the Pacific
and Atlantic sectors and a wetter western Indian Ocean. The coupled control experiments therefore confirm
the robust relationship between the QBO and tropical precipitation, characterized by stronger convection and
warmer SSTs. This result is consistent with a weakened Walker circulation under QBO W as previously suggested
(Garcia-Franco et al., 2022; Hitchman et al., 2021).

However, for the Coupled Nudged ensemble-mean, the tropical SST and precipitation responses are essentially
zero, although some sparse regions showing slight cooling (W-E) can be observed in the subtropics. This means
that the nudging has affected the physical mechanism behind the robust statistical relationship between the trop-
ical SSTs, precipitation and the QBO phase in the UM (Garcia-Franco et al., 2022).

The examination of the QBO W-E differences in each of the six ensemble members in the Control and Nudged
experiments (Figures S4 and S5 in Supporting Information S1) shows that the weak response in the ensemble-mean
of the nudging experiments is the result of very different responses from each ensemble member. These individ-
ual responses cancel out to a large extent. In contrast, most of the control ensemble members exhibit a warming
signal in the equatorial oceans, leading to the statistically significant response seen in the ensemble-mean.

One key result from Garcia-Franco et al. (2022) was a robust relationship between the QBO and the IOD during
boreal fall, September-November (SON). The QBO W-E composite differences showed positive precipitation
anomalies in the western Indian Ocean and negative anomalies in the eastern Indian Ocean. Figure 6 shows that
while this relationship is also found in the coupled control experiments, it is absent in the Coupled Nudged exper-
iments. To test the significance of this result, a probability density function (PDF) of QBO W-E differences in
the IOD index was constructed using 35-year blocks of the pre-industrial control experiment GC31-LL to sample
internal variability within the model. The SON difference in the IOD index per QBO phase for individual ensem-
ble members from the Control and Nudged experiments are plotted together with the PDF distribution from the
GC31-LL pre-industrial control simulation (Figures 6¢ and 6d) to examine the likelihood that the results from the
Nudged experiments occurred by chance.

The results in Figures 6¢ and 6d strongly suggest that the influence on the IOD is absent when nudging is applied,
since some members of the Nudged ensemble show differences that are outside of the 99% range of the PDF
whereas all the Control experiments show results that fall close to the median of the GC31-LL PDF. This result
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Figure 6. (a, b) Monthly-mean convective precipitation Indian Ocean Dipole (IOD) index [mm day~'] in coupled (a) control and (b) nudged ensemble-means separated
by quasi-biennial oscillation (QBO) phase; the error bars indicate ensemble spread. (c, d) Probability density functions (PDFs) of the IOD index in GC31-LL (see text)
in SON for (c) QBOW months and (d) the QBO W-E differences. The mean values for the Coupled Control and Nudged experiments, and ERAS are shown as vertical
lines.

demonstrates that internal variability is unable to explain the differences seen in the Nudged experiment. A
corresponding analysis for the EN3.4 index shows very similar results (Figure S6 in Supporting Information S1).

In summary, the results shown in this section show that the coupled control experiments in our configuration
broadly reproduce those of Garcia-Franco et al. (2022), that is, warmer SSTs and wetter conditions in the deep
tropics in QBOW compared to QBOE as well as statistical links between the QBO and ENSO and the IOD.
However, nudging has removed these relationships between the QBO and the tropical troposphere. Several plau-
sible explanations for these results are discussed in Section 4. First, however, the next section evaluates three
hypotheses for a QBO influence on the tropical troposphere using these experiments.

3.4. Mechanisms

Three mechanisms have been previously proposed to explain the role of the QBO in modulating aspects of trop-
ical convection. These are referred to as the static stability mechanism, QBO-Walker circulation modulation and
high-cloud radiative effects (CREs, see Section 1). This section evaluates these hypotheses through a comparison
of the coupled Nudged and Control experiments.

3.4.1. The Static Stability Hypothesis

The effect of the QBO over the tropical UTLS temperature structure has been well documented (Martin, Sobel,
et al., 2021; Tegtmeier et al., 2020) and is the most commonly suggested hypothesis to explain the relationships
between tropical convection variability to the QBO (Collimore et al., 2003; Hitchman et al., 2021; Hu et al., 2012;
J. C. K. Lee & Klingaman, 2018; Liess & Geller, 2012; Nie & Sobel, 2015). An easterly shear in the lower
stratosphere induces a negative static stability anomaly in the UTLS region which increases precipitation, and
the opposite is argued for a westerly shear. The UTLS static stability is defined here by the vertical temperature
difference (AT) over the equator between 150 and 70 hPa, so that negative values indicate decreased stability.
Other definitions of AT such as the temperature difference between 250 and 70 hPa, yield similar results to our
definition.

Figure 7 shows the QBO (W-E) signal in AT and convective precipitation from the coupled control and nudged
experiments. The spatial distribution of the AT differences is relatively zonally symmetric, although for ERAS
and the nudged experiments AT maximizes in the Eastern Pacific. The magnitude of the QBO-related variability
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Figure 7. Convective precipitation (shading in mm day~"') and upper troposphere-lower stratosphere static stability (AT contours in [K]) DJF composite differences
(QBO W-E) in (a) ERAS and the ensemble-mean Coupled (b) control and (c) nudged experiments. Only statistically significant differences to the 95% confidence level

are plotted.

in AT is doubled by the nudging in the deep tropics compared to the control experiments. However, the precipi-
tation response is not increased in the nudged experiment. The precipitation response to the QBO in models and
observations is, first, not zonally symmetric and second, not co-located with the largest influence of the QBO
signal on the static stability differences. The analysis of these differences in individual seasons (not shown)
is consistent with this result, that is, there is no collocation of anomalies in upper level static stability with
precipitation.

The potential relationship between UTLS static stability and tropical precipitation is investigated further in
Figure 8. First, Figure 8a shows the scatter plot of the monthly-averaged AT versus Apr in the equatorial Western
Pacific [0-10N, 120-160E]; such that each point represents a month of ERAS data. Therefore, this figure shows
that these two variables have a very weak correlation. In other words, in ERAS, the temporal variability of the
UTLS static stability is not related to precipitation variability in the West Pacific warm pool. The sign of the
correlation coefficient (weak in any case) reverses between QBOW months and QBOE months. Similar results
are found for the model simulations (not shown). This result suggests that the upper-level static stability can
not explain the temporal variability of precipitation in the warm pool associated with the QBO in ERAS or our
simulations.

Next, Figure 8b shows a scatterplot of the DJF ensemble-mean QBO W-E differences of AT versus Apr at each
grid-point between 10S and 10N from the Coupled nudged and Coupled Control experiments. The magnitude
of the negative AT differences is higher in the nudged experiments than in the control whereas the spread of the
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Figure 8. (a) Scatter plot of deseasonalized convective precipitation (Apr in mm d~!) versus upper troposphere-lower stratosphere static stability (AT in K) anomalies
for the western equatorial Pacific [0-10N, 120-160E] in ERAS. Each data-point represents a month in the 1979-2021 period. (b) As in (a) but for the DJF ensemble-
mean quasi-biennial oscillation (QBO) W-E differences in the equatorial latitudes [10S—10N] in the simulations, so each dot represents a grid-point. (c) Scatter plot
of the annual-mean QBO W-E differences in Apr vs. AT in the EN3.4 region for each ensemble member of the simulations and ERAS. (d) Mean relationship of Apr
versus AT computed by binning AT in all the grid-points at all times and computing the corresponding mean Apr.

precipitation differences is higher in the control. This figure illustrates that the nudging increases the spread of the
AT differences but not of precipitation. Moreover, in the control experiments, both positive and negative precip-
itation differences are found for similar ranges of AT differences. The existence of both positive and negative
differences in Apr for similar values of AT in the control indicates that there is no unique longitudinally coherent
or zonally symmetric impact of the QBO in the model. Additionally, this plot shows that the magnitude of the
precipitation differences cannot be explained by AT differences.

Figure 8c shows how annual mean QBO W-E differences in AT are related to Apr in the Nifio3.4 region for each
ensemble member of the control and nudged experiments. All the coupled control ensembles show a positive
precipitation difference (W-E) of up to 0.85 mm day~!, even though the static stability difference (W-E) is half as
strong compared to the nudged experiments. The nudged ensemble members, in contrast, simulate both positive
and negative precipitation responses close to 0, indicative of no statistical relationship between ENSO and the
QBO in these experiments.

Finally, Figure 8d analyses the average relationship between AT and Apr. In this plot, all the monthly-mean
anomalies of convective precipitation and average values of AT have been composited using all the grid-points
at equatorial latitudes [10°S—10°N] for all the months in each simulation. This procedure pairs Apr and AT
taken at the same time and space coordinates. From this composite, the average Apr anomalies were computed
for equally-separated bins of AT (starting at the 1st percentile and up to the 99th percentile). In other words,
Figure 8d shows the average precipitation anomaly for each AT bin. Note that in this plot, the variability of AT is
not necessarily associated with the QBO.

The precipitation and AT appears to be weakly related (negatively). Relatively high UTLS static stability is asso-
ciated with less precipitation and decreased static stability is associated with more precipitation, roughly a static
stability anomaly of +1 K corresponds to a precipitation anomaly of —0.1 mm day~!. This result would support
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the main assumption of the static stability mechanism, that is, that decreased upper level static stability associated
with the QBO leads to more precipitation. Figure 8d confirms that the nudging has increased AT variability but
the nudging has increased precipitation variability only for negative AT values.

In summary, nudging the zonal winds has increased the AT variability associated with the QBO, but the time-
mean composite differences (see Section 3.3) suggest that the AT impacts are not sufficient to produce a precip-
itation signal. Even though this section does not explicitly explore a potential relationship between vertical wind
shear anomalies and precipitation (W. M. Gray et al., 1992; Hitchman et al., 2021), the nudging framework does
increase the QBO-related variability of the UTLS vertical wind shear but no precipitation response is found
which also suggests that vertical wind shear anomalies are not sufficient to simulate an impact on precipitation.

3.4.2. The Walker Circulation

Several studies have suggested a link between the QBO and the Walker circulation (Hitchman et al., 2021; Liess &
Geller, 2012; Yasunari, 1989). In the free-running UM the Walker circulation is weaker under QBOW than under
QBOE (Garcia-Franco et al., 2022). Figure 9 shows the impact of nudging on the mean state and QBO-ENSO
related variability of the Walker circulation. The biases in the mean-state of the Walker circulation are large in
the control experiment, with differences of up to 6 m s~! and 1.5 K compared to ERA5 (Figure 9a). However,
nudging improves some of the zonal wind biases (b), especially in the Pacific Ocean, while also producing an
impact on UTLS temperature biases (x0.5 K).

The QBO-related Walker circulation variability appears to be affected by the nudging. In the upper troposphere,
the QBO impact on the zonal wind and vertical velocities is different for nudged and control experiments (c vs.
d). This difference is more obvious in the Indian Ocean sector where the control experiments suggest that the
W-E response is characterized by anomalous ascent in the western sector and descent in the eastern sector, yet
the nudged response is the opposite.

Regression analysis was used to investigate the interaction of ENSO, the QBO and the Walker circulation, as in
Garcia-Franco et al. (2022). Figures 9e and 9f suggest that not only are the mean-state and the QBO relationships
affected but the linear relationship between ENSO and the upper branch of the Walker circulation is weakened
when the nudging was applied (see e.g., 150E at 100 hPa where the temperature signal is twice as large in the
control experiment). Note, however, that the lower tropospheric ENSO signal remains unchanged.

These results indicate that the effect from ENSO on to the UTLS temperature has been weakened by the nudging
which suggests that the nudging may have overly constrained the upper-branch of the Walker circulation. Feed-
back processes between convection, the UTLS temperature and the large-scale circulation may have been reduced
or modified. This possibility is discussed in Section 4.

3.4.3. The CRE Hypothesis

High clouds may play a role in the QBO tropical teleconnections through a QBO-driven modulation of the
mean-state cloud fraction and/or through cloud radiative feedbacks at the convective scale (Lim & Son, 2022; Lin
& Emanuel, 2023; Sun et al., 2019). Both hypotheses suggest enhanced convection under QBOE. This section
uses model diagnostics such as OLR, cloud top pressure (CTP), high cloud fraction (HCF) and ice total content
(QCF) to explore this hypothesis and to better understand the differences between control and nudged experiments.

The annual mean difference in HCF and QCF associated with the QBO phase (Figure 10) shows that the rela-
tionship between high clouds and the QBO is different in the nudged versus control coupled experiments. In the
nudged experiments, the QBO signal is zonally symmetric, characterized by reduced HCF and QCF at equato-
rial regions under QBOW compared to QBOE, in agreement with previous observational and modeling stud-
ies (Sakaeda et al., 2020; Sun et al., 2019; Sweeney et al., 2023). In contrast, the differences (W-E) in the
free-running control simulations show a zonally asymmetric response, for example, with a dipole of positive and
negative anomalies in the Indian Ocean.

Figure 11 shows the zonal-mean differences (QBO W-E) in convective precipitation and high cloud diagnos-
tics. First, the control experiments show a dipole response of convective precipitation in the Indian Ocean, first
reported by Garcia-Franco et al. (2022), which is also observed in OLR, HCF and QCF. In the control exper-
iments, precipitation differences are strongly anti-correlated with OLR, as expected, and positively correlated
with CTP, HCF and QCF, which illustrates that high cloud occurrence is linked to convective precipitation.
However, the nudged experiments do not exhibit such clear relationships. Instead, the nudged experiments
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Figure 9. (a) Mean biases, diagnosed as differences between control ensemble-mean and ERAS, in the Walker circulation [10S—10N] diagnosed from the zonal mean
temperature (K in shading), zonal wind (contours in m s~') and vertical velocity (vectors in Pa s~"). (b) Shows the differences between Nudged and Control coupled
experiments. (c)—(d) Show the QBO W-E differences for the (c) nudged and (d) control ensemble-mean. (c)—(d) Is as in (a)—(b) except that the (c)—(d) vector key is
different than for (a)—(b). (e)—(f) Show the results of the regression coefficients (ff) between the zonal wind (contours) and the air temperature (shading) fields with the

EN3.4 index.
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Figure 10. Annual mean differences (QBO W-E during El Nifio-Southern Oscillation neutral periods) in high cloud fraction (shading in %) and ice cloud water content
(contours in 1072 kg m~2) for Coupled Control and nudged experiments. Only statistically significant (95% confidence level) differences are plotted.

show a zonally symmetric decrease of HCF under QBOW compared to QBOE. This could suggest that with-
out dynamical feedbacks, the QBO impact is to decrease HCF at equatorial latitudes but does not influence
precipitation.

In summary, this section shows that when the stratosphere is nudged fewer high clouds are found under QBOW
compared to QBOE at equatorial latitudes. However, changing the mean-state of cloud fraction is not enough to
simulate a surface precipitation response. These results suggest that feedbacks between high clouds, radiation,
and convection are key to the QBO influence on the troposphere and that these feedbacks have been affected by
the nudging.

4. Discussion and Conclusions

Nudging experiments performed with the MOHC UM were used to explore the link between the QBO and tropi-
cal convection and precipitation. By nudging the zonal wind field in the equatorial stratosphere toward ERAS, the
UM realistically reproduces the observed QBO-related variability in the zonal wind and temperature in the UTLS
region. The nudging thus removed the weak QBO amplitude bias in the lower stratosphere.

In the atmosphere-only experiments, either nudged or free-running, the zonal wind in the equatorial stratosphere
makes little difference to the simulation of precipitation in the UM. This result implies that any process that links
the QBO to the tropical circulation within the model requires SSTs to play an active role, either driving the rela-
tionship or through SST-QBO feedbacks.

Potential QBO-SST feedbacks were investigated using coupled ocean-atmosphere experiments. In the control
coupled-ocean experiments, the tropical SSTs were found to be warmer under QBOW than under QBOE, in
agreement with Garcia-Franco et al. (2022). QBO-related precipitation patterns in these experiments follow the
SST patterns with wetter conditions over equatorial oceans under QBOW compared to QBOE. However, in the
nudged coupled ensemble-mean, tropical SST and precipitation QBO-related differences were zero.

One possibility to explain the lack of a QBO-precipitation connection in the nudged experiments is that the
simulated QBO-tropical teleconnections are the result of a bottom-up pathway which is broken when the strato-
sphere is nudged. It is well known that the QBO is generated by the interaction of convectively triggered waves
and the stratospheric mean flow (Baldwin et al., 2001; Garfinkel et al., 2022; Geller et al., 2016; Y.-H. Kim &
Chun, 2015). Since the nudging of the QBO winds toward ERAS is applied at each grid-point, in contrast to other
nudging schemes that nudged only the zonally-averaged component (Martin, Orbe, et al., 2021), the resolved
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Figure 11. Zonal-mean equatorially averaged [10S—10N] annual-mean differences QBO W-E (during neutral El Nifio-Southern Oscillation conditions only) of
(a) convective precipitation [mm day~'], (b) outgoing longwave radiation [W m~2], (c) cloud top pressure [Pa], (d) high-cloud fraction [%] and (e) ice total content

[102kg m~2].

wave fields just below the tropopause are likely to be inconsistent with those in the nudged region just above the
tropopause, which could result in the artificially damping of waves in this height region.

To explore this hypothesis, Figure 12 shows the symmetric and anti-symmetric zonal wavenumber-frequency
spectra of u wind at 100 hPa, following previous studies (Wheeler & Kiladis, 1999; Yang et al., 2012). Figure
S7 in Supporting Information S1 shows the corresponding diagnostics at 70 hPa. At both 100 hPa and 70 hPa,
the control simulation exhibits more spectral power related to the resolved Kelvin, Rossby and Mixed-Rossby
Gravity waves. This evidence suggests waves may play an important role in coupling the tropical stratosphere
and troposphere. Further exploration of this hypothesis, outside the scope of this study, could include nudging
of the zonal-mean component of the flow, so that waves can propagate freely upward through the nudged region.

The possibility that other feedbacks are responsible for the relationships simulated in the control simulations
was investigated using elements from three hypotheses that could explain QBO teleconnections in the tropics.
First, this study finds that the QBO-driven variability of the UTLS static stability (Figures 7 and 8) has no
robust relationship with tropical precipitation variability in the UM. Even though the QBO signal in UTLS static
stability is zonally symmetric, the QBO signal in precipitation is highly asymmetric in the UM and observations.
Second, although the nudged experiments doubled the UTLS static stability variability associated with the QBO,
the precipitation response to the QBO phase was muted. The implication from this result is that QBO-related
variability in UTLS static stability is not a sufficient process to explain the link between the QBO and tropical
convection in the UM.
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Figure 12. (a, b) Symmetric and (c, d) anti-symmetric zonal wavenumber-frequency ensemble-mean spectra of u wind at 100 hPa for (a, d) control and (b, e) nudged
experiments. (c, f) Power spectra differences between control and nudged ensemble-mean (c) symmetric and (d) antisymmetric wavenumber-frequency 100 hPa.
Dispersion curves for equivalent depths 25, 50, and 100 m are overlaid.

A second hypothesis argues that the Walker circulation is affected by the QBO, which could explain why the
precipitation response in the tropics is zonally asymmetric (Garcia-Franco et al., 2022; Hitchman et al., 2021).
A weakening of the Walker circulation under QBOW compared to QBOE is diagnosed in observations, the
control experiments and other versions of the UM model (Garcia-Franco et al., 2022; Hitchman et al., 2021).
However, the QBO-Walker circulation relationship was weakened when the nudging was applied to the model,
likely because the nudging significantly tampered with the mean-state and variability of the upper branch of the
Walker circulation decoupling the upper troposphere from the SSTs. This result suggests that the Walker circula-
tion plays a role in amplifying local-scale effects of the QBO. This mechanism was likely muted by the nudging
which has overly constrained the upper branch of the Walker circulation.

Finally, a CRE hypothesis has recently been suggested which argues that cirrus clouds play an important role in
some QBO tropical teleconnections (Lin & Emanuel, 2023; Sakaeda et al., 2020; Sun et al., 2019). In the coupled
control experiments, several diagnostics for high clouds were shown to be positively correlated with precipita-
tion changes. In the nudged experiments, a robust decreased fraction of high clouds under QBOW compared to
QBOE is diagnosed across equatorial regions, which agrees with some observational and modeling evidence (Lin
& Emanuel, 2023; Sakaeda et al., 2020; Sun et al., 2019; Sweeney et al., 2023), but these mean-state differences
in HCF are not related to precipitation. Therefore, these results suggest that the simulated QBO teleconnections
require tropical stratosphere-troposphere coupling and feedbacks.

While the QBO sets the zonal-mean temperature and wind, the local conditions of clouds, convection and temper-
ature in the tropical UTLS are heavily influenced by feedbacks at more local scales that involve the horizontal
advection of clouds (Lin & Emanuel, 2023), static stability (Nie & Sobel, 2015), and upward wave propagation
(Holt et al., 2022; Sakaeda et al., 2020). This means that if the QBO is linked to tropical convection in the UM
through these feedback processes, our nudging setup was not the appropriate to assess or diagnose these mecha-
nisms. Nevertheless, the findings of this study highlight the role of feedbacks, for which further improvements of
the internally generated QBO by GCMs (Garfinkel et al., 2022) and of tropical convection are needed to under-
stand the extent of stratospheric-tropospheric-coupling in the tropics.
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