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Abstract

This study evaluates the main hypotheses to explain a coupling between the quasi-biennial oscillation (QBO) in the tropical

stratosphere and the tropical troposphere and surface. The impact of the QBO on tropical convection and precipitation is

investigated through nudging experiments using the UK Met Office Hadley Centre Unified Model (UM). 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 simulation of convection and precipitation in the atmosphere-only simulations is not statistically significantly different

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 SST relationships

with the QBO phase disappear when nudging is applied. Evidence from the nudging experiments shows that the QBO influence

over lower stratospheric static stability is not sufficient to produce tropical surface impacts. The nudging also reduced the

influence of the lower troposphere to the upper branch of the Walker circulation, irrespective of the QBO, indicating that

the upper troposphere has been slightly decoupled from the surface by the nudging. These results suggest that nudging all

grid-points might mute relevant feedback processes, including high cloud radiative effects and wave mean flow interactions,

occurring at the tropopause level.
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Key Points:10

• Nudging the zonal wind in the equatorial stratosphere affects tropical convection variabil-11

ity only in coupled ocean-atmosphere simulations.12
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• Interactions between upward wave propagation and upper-level clouds is the likely mech-15

anism of QBO tropical teleconnections.16
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Abstract17

This study evaluates the main hypotheses to explain a coupling between the quasi-biennial os-18

cillation (QBO) in the tropical stratosphere and the tropical troposphere and surface. The im-19

pact of the QBO on tropical convection and precipitation is investigated through nudging exper-20

iments using the UK Met Office Hadley Centre Unified Model (UM). The model control simu-21

lations show robust links between the internally generated QBO and tropical precipitation and22

circulation. The model zonal wind in the tropical stratosphere was nudged above 90 hPa in atmosphere-23

only and coupled ocean-atmosphere configurations. The simulation of convection and precipi-24

tation in the atmosphere-only simulations is not statistically significantly different between the25

experiments with and without nudging, which may indicate that SST-convection coupling is needed26

for any QBO influence on the tropical lower troposphere and surface. In the coupled experiments,27

the precipitation and SST relationships with the QBO phase disappear when nudging is applied.28

Evidence from the nudging experiments shows that the QBO influence over lower stratospheric29

static stability is not sufficient to produce tropical surface impacts. The nudging also reduced30

the influence of the lower troposphere to the upper branch of the Walker circulation, irrespec-31

tive of the QBO, indicating that the upper troposphere has been slightly decoupled from the sur-32

face by the nudging. These results suggest that nudging all grid-points might mute relevant feed-33

back processes, including high cloud radiative effects and wave mean flow interactions, occurring34

at the tropopause level.35

Plain Language Summary36

The interaction between the stratosphere and the troposphere is well known to produce sur-37

face impacts in the extratropics. However, whether stratosphere-troposphere interactions affect38

the surface in the tropics associated with the variability of the stratospheric quasi-biennial os-39

cillation (QBO) is yet to be determined because the observational record is too short and trop-40

ical tropospheric variability masks any potential signal of the stratosphere. In this paper, we ex-41

amine hypotheses that suggest the stratospheric quasi-biennial oscillation can affect tropical deep42

convection to the extent of influencing tropical surface precipitation variability through targeted43

model experiments which prescribe the equatorial stratosphere towards observations. Our results44

indicate that prescribing the zonal wind in the stratosphere remove links between surface pre-45

cipitation and the QBO. The weight of the evidence in our findings suggest that the impact of46

the QBO on the static stability at the interface of the QBO and tropical convection is not enough47
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to produce significant effects over tropical convection and precipitation but high clouds in the48

tropics could play a bigger role than previously thought.49

1 Introduction50

The stratospheric quasi-biennial oscillation (QBO) has been linked to tropical deep con-51

vection for several decades (W. M. Gray, 1984; Giorgetta et al., 1999; Collimore et al., 2003; Liess52

& Geller, 2012). Observations show that the magnitude and location of tropical precipitation and53

several cloud properties are statistically related to the QBO phase (Liess & Geller, 2012; Tseng54

& Fu, 2017; L. J. Gray et al., 2018; H. Kim, Son, & Yoo, 2020; Hitchman et al., 2021; Garćıa-55

Franco et al., 2022; Sweeney et al., 2022). However, the extent to which the tropical troposphere56

and stratosphere are coupled, as well as the mechanisms that connect these two layers, remain57

a matter of debate (Haynes et al., 2021; Hitchman et al., 2021; Martin et al., 2021b).58

Firstly, the relatively short observational record which limits our ability to detect any ro-59

bust response of tropical precipitation to the QBO phase (Hu et al., 2012; Garćıa-Franco et al.,60

2022). The strong influence of El Niño-Southern Oscillation (ENSO) over tropical variability on61

interannual timescales is also a limiting factor for the attribution of anomalies in the tropics to62

the QBO (Liess & Geller, 2012; L. J. Gray et al., 2018; J.-H. Lee et al., 2019), especially because63

the ENSO-QBO relationship appears to have changed between 1960-1985 and 1985-2020 (Domeisen64

et al., 2019; Garćıa-Franco et al., 2022).65

Secondly, there is no clear understanding of how the QBO could modulate tropical deep66

convection. Several hypotheses have been suggested to potentially explain a coupling of the QBO67

and the tropical troposphere including static stability (e.g. Nie & Sobel, 2015; Haynes et al., 2021),68

vertical wind shear (e.g. W. M. Gray et al., 1992), a QBO-Walker circulation feedback (Collimore69

et al., 2003; Hu et al., 2012; Hitchman et al., 2021; Garćıa-Franco et al., 2022) and cloud feed-70

back hypotheses (Sakaeda et al., 2020). However, there is no clear understanding which of these71

hypotheses, if any, is the primary mechanism for a downward impact from the QBO on tropi-72

cal convection.73

The static stability hypothesis suggests that the meridional circulation driven by the de-74

scending QBO shear impacts the static stability in the region of the upper troposphere-lower strato-75

sphere (UTLS; W. M. Gray et al., 1992; Giorgetta et al., 1999; Collimore et al., 2003; Liess &76

Geller, 2012; Nie & Sobel, 2015; Back et al., 2020). These studies argue that decreased UTLS77

static stability is found under the easterly phase (QBOE) compared to the westerly phase (QBOW),78
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leading to enhanced convection under QBOE (Collimore et al., 2003) which could explain, e.g.,79

the stronger convection associated with the Madden-Julian Oscillation (MJO) under QBOE con-80

ditions (Yoo & Son, 2016; Son et al., 2017; Hendon & Abhik, 2018; Back et al., 2020).81

Observational and modelling results indicate that the QBO impact in the tropics is not zon-82

ally symmetric (Collimore et al., 2003; Liess & Geller, 2012; Garćıa-Franco et al., 2022). For this83

reason, several studies have suggested an interaction between the QBO and the Walker circula-84

tion (Liess & Geller, 2012; Hu et al., 2012; Hitchman et al., 2021). Observations show that the85

Walker circulation was weaker under QBOW compared to QBOE in the period of 1979-2021 (Hitch-86

man et al., 2021; Garćıa-Franco et al., 2022) but the causal direction of this relationship remains87

to be well understood.88

A different hypothesis, however, suggests that cloud-radiative effects (CREs) associated with89

the variability of tropical upper-level cirrus clouds explain the QBO-MJO link (Sun et al., 2019;90

Sakaeda et al., 2020; Martin et al., 2021b; Lim & Son, 2022; Lin & Emanuel, 2022). Given the91

importance of cirrus clouds for the radiative budget in the tropics due to their longwave CRE92

(Allan, 2011; Hartmann & Berry, 2017) and the role of the QBO modulating variability of clouds93

in the tropical tropopause layer (TTL) on interannual timescales (Liess & Geller, 2012; Davis et94

al., 2013; Tseng & Fu, 2017; Tegtmeier et al., 2020; Sweeney et al., 2022), the QBO could rea-95

sonably affect convection through CRE at different scales. Evidence for this hypothesis has shown96

that more high-cloud coverage associated with the MJO is observed during QBOE compared to97

QBOW (Sun et al., 2019; Sakaeda et al., 2020), suggesting that CREs associated with the QBO98

could be a relevant mechanism for QBO tropical teleconnections. In short, despite the growing99

number of hypotheses that explain a potential link between the QBO and tropical convective fea-100

tures, a clear mechanism remains to be determined.101

Since observations and theory have not successfully identified the mechanism for QBO trop-102

ical teleconnections, several studies have turned to numerical models such as cloud-resolving mod-103

els (Nie & Sobel, 2015; Martin et al., 2019; Back et al., 2020) and General Circulation Models104

(GCMs; J. C. K. Lee & Klingaman, 2018; H. Kim, Caron, et al., 2020; Serva et al., 2022) to iden-105

tify pathways of stratospheric-tropospheric coupling. Although GCMs are more comprehensive,106

stratospheric and tropospheric biases have hindered the potential use of these models to tackle107

this problem because GCMs underestimate the amplitude of the QBO in the lowermost strato-108

sphere (Fig. S1 and J. C. K. Lee & Klingaman, 2018; H. Kim, Caron, et al., 2020; Martin et al.,109

2021a). For this reason, the variability of the UTLS static stability associated with the QBO is110
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Figure 1. Annual mean SST [K] QBO W-E differences in (a) HadSST dataset and (b) the pre-

industrial control simulation of the UM GC31-LL pi. Hatching denotes significance to the 95% confidence

level.

lower than observed in models (Schenzinger et al., 2017; J. C. K. Lee & Klingaman, 2018; Bushell111

et al., 2020; Richter et al., 2020; Rao et al., 2020).112

This weak amplitude bias in the QBO has been hypothesized to explain why some observed113

teleconnections, including the MJO-QBO relationship, are not diagnosed in GCMs (J. C. K. Lee114

& Klingaman, 2018; H. Kim, Caron, et al., 2020; Martin et al., 2021a). Due to these biases, sev-115

eral studies have performed or suggested experiments in which the model stratosphere is relaxed116

towards an observed or idealized state of the stratosphere, also known as nudging (e.g. Garfinkel117

& Hartmann, 2011; J. C. K. Lee & Klingaman, 2018; Richter et al., 2020; Martin et al., 2021a).118

The nudging technique can remove biases, identify causal pathways and test specific hypothe-119

ses to understand mechanisms (L. Gray et al., 2020; Haynes et al., 2021).120

This study aims to understand QBO tropical teleconnections by addressing the issue of QBO121

model biases using relaxation experiments of the Met Office Hadley Centre (MOHC) Unified Model122

(UM). The UM is a state-of-the-art GCM that is able to simulate an internally generated QBO123

that is reasonably similar to observations, except for the weak amplitude bias in the lower strato-124

sphere (Richter et al., 2020). In addition, nudging has previously been successfully applied in this125

model (Telford et al., 2008; L. Gray et al., 2020). The UM exhibits robust connections between126

the tropical troposphere associated with the QBO, which are described in Garćıa-Franco et al.127

(2022), including a sea-surface temperature (SST) signal (see Figure 1) that is similar to the ob-128

served record and El Niño events occur more frequently under QBOW compared to QBOE.129

The main purpose of this study is to evaluate the effect of nudging on the representation130

of the QBO surface impacts in the tropics. The results of these experiments will be used to crit-131

ically examine existing hypotheses suggested to explain QBO-convection links: the static stabil-132
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ity mechanism and QBO-Walker circulation relationships, and the role of CREs. The remain-133

der of this paper is presented as follows. Section 2 describes the nudging experiments, as well as134

the observations, CMIP6 and reanalysis datasets used to compare the experimental results. Sec-135

tion 3 presents the results of the experiments. The final section presents a discussion and con-136

clusions arising from this study.137

2 Methods and data138

2.1 Observations and reanalysis139

Observational data of precipitation and SSTs are used in this study. The Global Precip-140

itation Climatology Project (GPCP) v2.3 (Adler et al., 2003) dataset is used for precipitation141

analyses and the HadSST v4.0 (Kennedy et al., 2019) for SST. For the remaining diagnostics,142

including the zonal wind and convective precipitation we use the reanalysis ERA5 from the Eu-143

ropean Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020) down-144

loaded at the 0.75x0.75◦ resolution from https://cds.climate.copernicus.eu/cdsapp. In all145

cases the data cover the period 1979-2021.146

2.2 The Met Office Unified Model147

The MOHC UM uses a seamless approach modelling framework that allows the setup of148

simulations using various configurations; for example, various horizontal resolutions maintain-149

ing the same parametrizations and dynamical core (Walters et al., 2019). In addition to the main150

experimental design for nudging used in this study, which is explained in detail in the following151

section, the CMIP6 preindustrial control experiment from the MOHC model HadGEM3 is used152

for comparison. The preindustrial control experiments use constant external forcing integrated153

for 500 years (Menary et al., 2018). In this study we use results from the HadGEM3 GC3.1 N96154

(GC31-LL) experiment.155

2.3 Nudging scheme156

Nudging refers to the relaxation of a model variable towards a specified state, which can157

be taken from reanalysis, observations or idealized states (L. Gray et al., 2020; Martin et al., 2021a).158

In the UM setup, three variables can be nudged: air temperature (T ) and the zonal (u) and merid-159

ional (v) components of the wind; in this study we use ERA5 as the nudging data. The relax-160

ation is applied at each grid-point, in contrast to other studies (e.g. Martin et al., 2021a) that161
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employ a spectral model and apply the relaxation only to the zonal-mean component. Specif-162

ically, the UM uses a Newtonian relaxation technique (Telford et al., 2008; L. Gray et al., 2020)163

which sets the field to be nudged (F ) at each time-step through the following equation:164

∆F = G∆t(Fndg − Fmodel), (1)

where ∆F is the discrete change of F at each time-step, G is the relaxation parameter, ∆t is the165

time-step size, Fndg is the value of the field from the nudging data and Fmodel is the model value166

of the field at the last time-step (Telford et al., 2008).167

The relaxation parameter G sets the strength of the relaxation and is linked with the re-168

laxation timescale (τ) by G = 1/τ . Previous studies (Telford et al., 2008; L. Gray et al., 2020)169

have shown that a 6-h relaxation time-scale is sufficient to constrain the stratosphere in the model170

and so the same parameter was used for the simulations of this chapter (G = 1
6 h−1).171

Furthermore, the nudging can be performed between specified vertical levels and in selected172

latitude/longitude regions with tapering, which refers to a linear interpolation between the max-173

imum G and zero nudging (G = 0). The chosen experimental design relaxes only the zonal wind174

(u) at all longitudes in the latitude band of 20◦S-20◦N, with a 10◦ tapering, at the model lev-175

els corresponding to 90 hPa to 4 hPa, with a vertical tapering of 4 levels, which means that full176

nudging was in effect only at 10◦S-10◦N from 70 hPa to 10 hPa. The experimental setup aims177

to reasonably simulate the observed variability of the zonal wind leaving the meridional compo-178

nent of the wind and the temperature to respond freely within the model.179

2.4 Experimental design180

The configuration of the UM model used for the nudging experiments is GC3.1 (version 11.4),181

which is the same configuration as the CMIP6 experiments (Walters et al., 2019). All the exper-182

iments, AMIP and coupled, are set up using a present-day climate configuration where all ex-183

ternal forcings are set constant to those of the year 2000. The atmospheric horizontal resolution184

is N96 (1.875◦x1.25◦) for our experiments. A summary of all the experiments is given in Table185

1.186

The atmosphere-only (AMIP) experiments were conducted for 32 years (1981-2012) using187

prescribed SST and sea-ice boundary conditions for the period 1981-2012, using the data pro-188

vided as part of the CMIP6 AMIP forcing setup. Three sets of AMIP experiments were run: Con-189

–7–



manuscript submitted to JGR: Atmospheres

Table 1. Experimental setup indicating the model configuration, the period, number of ensemble mem-

bers (Ens.) and relaxation details.

Name
Configuration Period Ens. Nudging

AMIP Atmosphere-

only

1981-2012 3 ERA5.

AMIP-Control Atmosphere-

only

1981-2012 3 No nudging

AMIP-Shifted Atmosphere-

only

1981-2012 3 ERA5 Relaxation shifted

-1 year.

Coupled

Nudged

Coupled ocean-

atmosphere

1981-2015 6 ERA5.

Coupled Con-

trol

Coupled ocean-

atmosphere

1981-2015 6 No nudging

trol, Nudged and Shifted. In the control experiment, the model stratosphere was free to evolve.190

In the Nudged experiment, the equatorial zonal wind was nudged, as described in the previous191

section, with the nudging wind data matching the corresponding SST data.192

In addition, we performed another type of atmosphere-only experiment, the Shifted exper-193

iment. In the normal AMIP Nudged experiment, the SST driving data corresponds to the same194

year as the nudged zonal wind in the equatorial stratosphere. In the Shifted experiment, the nudg-195

ing data was shifted with a -1 year lag from the SSTs, e.g., the model year 1997 was run using196

1997 SSTs but zonal winds in the stratosphere corresponding to 1996. An alternative approach197

would be to shuffle the SSTs so that each year is run with randomly selected SSTs. However,198

since we are performing multi-year simulations shuffling has associated issues of how to join the199

randomly-selected SSTs at the year-boundary to form a coherent multi-year SST time-series. To200

avoid this issue we decided to simply shift the zonal wind nudging data by one year so the QBO201

phase and SSTs were not aligned.202

For the coupled ocean-atmosphere experiments, a control and a nudged ensemble of 6 mem-203

bers were run for 35 years (1981-2015 model years). The coupled experiments use an oceanic res-204

olution of 0.25◦ (ORCA025) using the NEMO model (Storkey et al., 2018). Each ensemble mem-205

ber was initialized from different ocean/atmosphere initial conditions, in order to decrease the206
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role that internal variability may have on these simulations by averaging out the ensemble. Specif-207

ically, the coupled ocean-atmosphere configuration was initialized using oceanic conditions from208

a 100-yr simulation of the same model configuration that were found 10 years apart from each209

other.210

2.5 Indices and methods211

ENSO is measured through the standard Oceanic Niño Index, i.e., the time-series of area-212

averaged SSTs in the Niño 3.4 region (hereafter EN3.4 Trenberth, 1997) and a 5-month running213

mean using a 0.5 K threshold to define positive or negative events. The QBO index is defined214

using the equatorially-averaged [10S-10N] zonal winds at the 70 hPa level and a ±2 m s−1 thresh-215

old to define W and E phases. A measure of the zonal gradient of convective activity in the In-216

dian Ocean is used as a proxy of the Indian Ocean Dipole (IOD), as in Garćıa-Franco et al. (2022).217

Composite and regression analysis are used to evaluate the differences amongst experiments, as218

in Garćıa-Franco et al. (2022). Statistical significance in observations and individual ensemble219

members is diagnosed using a bootstrapping method with replacement, whereas for all ensemble-220

mean differences, given their relative larger sample size, standard two-sided t-tests are used.221

3 Results222

Figure 2 demonstrates that nudging increases the UTLS temperature and zonal wind vari-223

ability associated with the QBO. The comparison of the QBO W-E difference between the nudged224

experiments, ERA5, the 500-yr CMIP6 GC31-LL simulation, and the control experiments shows225

that the nudged experiments closely resemble the results from ERA5 whereas the control exper-226

iments exhibit a much weaker signal. In the tropical UTLS region, the nudged experiments show227

a wider and stronger QBO signal than the control experiments which demonstrates that these228

experiments are suitable to explore the processes that relate the QBO with the tropical surface.229

The control-nudged difference plots (Fig. S2) illustrate that the warm anomalies near the equa-230

torial tropopause between 70-90 hPa are up to 1.5 K larger in the nudged experiments.231

Since the nudging technique has removed the weak QBO amplitude bias in the lower strato-232

sphere, we now analyse tropical teleconnections in these experiments. First, results from the atmosphere-233

only experiments are analysed, followed by the analysis of the coupled experiments. The final234

section investigates the mechanisms that could explain the differences between nudged and con-235

trol experiments.236
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Figure 2. Latitude-height plot of the zonal-mean temperature (shading) zonal wind (contours in m

s−1) QBO W-E differences in (a) ERA5, the nudged simulations in (b) AMIP and (c) coupled configura-

tions and (d) GC3 N96-pi from CMIP6, the control simulations with no nudging in an (e) AMIP and (f)

coupled configurations

Figure 3. Annual-mean precipitation response (QBO W-E) in (a) GPCP, and atmosphere-only experi-

ments: (b) AMIP CTRL, (c) AMIP Nudged and (d) AMIP Shifted.

3.1 Atmosphere-only experiments237
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This section shows the results of the atmosphere-only experiments: AMIP Nudged, AMIP238

Control and AMIP Shifted (in which the imposed winds have been shifted by a year so there is239

an out-of-phase relaxation of the winds with respect to the SSTs), compared to observations (1981-240

2012). The annual-mean difference of precipitation between QBOW and E phases from the three241

experiments are compared with GPCP differences in Fig. 3. The AMIP Nudged ensemble-mean242

matches closely the results of GPCP, characterised by an El Niño pattern in the Pacific Ocean,243

a weaker Atlantic ITCZ and a zonal gradient of precipitation in the Indian Ocean during QBOW244

compared to QBOE.245

In contrast, the differences in the AMIP Control and the AMIP Shifted experiments show246

little similarity to the observed response, a similar result is found for seasonal-mean composite247

differences (see e.g. Fig S3). The fact that the QBO response is different in the three types of248

AMIP experiments suggests that the underlying SSTs, and not the QBO winds, are responsible249

for these differences. However, it may still be the case that tropical convection is sensitive to the250

QBO phase in these simulations and this effect is hidden by the strong effect of SST forcing.251

Time-series of multiple diagnostics averaged at equatorial latitudes and in the EN3.4 re-252

gions are shown in Figure 4. The tropical mean outgoing longwave radiation (OLR) and precip-253

itation is not significantly affected by the nudging, suggesting that convective activity is inde-254

pendent from the state of the QBO at 70 hPa. The correlation coefficients of precipitation and255

OLR with respect to observations (a-b) are indistinguishable between experiments, both for the256

tropics-wide (a, c) and for the EN3.4 region (b, d).257

The timeseries of the equatorial zonal mean zonal wind at 70 hPa (U70; Fig. 4e) shows a258

correlation between ERA5 and the Nudged experiment, as expected. In contrast, the correlation259

of ERA5 with AMIP CTRL is virtually zero, because the ensemble-mean zonal wind of the CTRL260

collapses to near zero values. The Shifted experiment shows a negative and high correlation (0.65)261

with ERA5, which is not surprising, since the SSTs have been shifted by one year i.e. approx-262

imately half a QBO cycle.263

The timeseries of the near-tropopause temperature (T100; Fig. 4g-h) shows that the Nudged264

ensemble is correlated with ERA5 in the tropical mean. This correlation increases for the EN3.4265

region in all the experiments such that the three simulations are well correlated with ERA5, al-266

though the Shifted experiment shows the lowest correlation. These results suggest the near-tropopause267

temperature is controlled by the QBO in the zonal-mean but by local SSTs at regional scales.268

In short, this section shows that in atmosphere-only experiments the nudging produces the ex-269
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Figure 4. Time-series in the atmosphere-only experiments of (a, b) precipitation, (c, d) outgoing long-

wave radiation (OLR), (e, f) zonal wind at 70 hPa (U70) and (g, h) air temperature at 100 hPa. The

timeseries are shown for quantities averaged over the (left) zonal-mean equatorial [5◦S-5◦N] and (right)

EN3.4 regions. For each AMIP experiment the Pearson correlation coefficient between the experiment and

ERA5 is shown in the legend. Note that the model year refers to the SST years as described in section

22.4.

pected impacts in U70 and the zonal-mean T100, however, the nudging appears to have no made270

impact on the simulation of precipitation and OLR.271

3.2 Coupled experiments272

This section analyses the coupled ocean-atmosphere experiments, labelled as the Coupled273

Nudged and the Coupled Control simulations, which consist of 6 ensemble members (see section274

22.4). The SST response is first examined through the annual mean QBO W-E ensemble-mean275

difference in tropical SSTs of the coupled control experiments (Fig 5a-b) which compares rea-276

sonably well with the results from HadSST and GC3 LL-pi (Fig. 1). This response is character-277

ized by warmer SSTs (+0.2-0.3K) during QBOW than during QBOE in the deep tropics and gen-278

erally cooler subtropical oceans. However, for the Coupled Nudged ensemble-mean, the tropi-279
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Figure 5. As in Fig, 1 but for results of the (a, c) Coupled Control and (b, d) Coupled Nudged

ensemble-mean (a, b) SST [K] and (c, d) precipitation [mm day−1].

cal response is essentially zero, although some sparse regions showing slight cooling (W-E) can280

be observed in the subtropics. This means that the nudging has affected the physical mechanism281

behind the robust statistical relationship between the tropical SSTs and the QBO phase in the282

UM (Garćıa-Franco et al., 2022).283

The QBO W-E differences in each of the 6 ensemble members in the Control and Nudged284

experiments (Fig. S4) show that the weak response in the ensemble-mean of the nudging exper-285

iments is the result of very different responses from each ensemble member. These individual re-286

sponses cancel out to a large extent. In contrast, most of the control ensemble members exhibit287

a warming signal in the equatorial oceans, leading to the statistically significant response seen288

in the ensemble-mean.289

The precipitation response (Fig. 5c-d) follows closely the SST patterns. The robust rela-290

tionship between the QBO and tropical precipitation in the UK UM (Garćıa-Franco et al., 2022)291

is also observed in the Control experiment characterized by shifts of the ITCZ in the Pacific and292

Atlantic sectors and a wetter western Indian Ocean. This relationship is, however, removed, when293

the nudging is applied as the nudged ensemble-mean is virtually zero across the tropics, which294

is also due to the cancelling effect of different responses in individual ensemble members (Fig.295

S5).296

One key result from Garćıa-Franco et al. (2022) was a robust relationship between the QBO297

and the IOD during boreal fall. Figure 6 shows that this relationship is also robust in the Con-298
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Figure 6. (a, b) Monthly-mean convective precipitation IOD index [mm day−1] in coupled (a) control

and (b) nudged ensemble-means separated by QBO phase; the error bars indicate ensemble spread. (c,

d) Probability density functions (PDFs) of the IOD convective precipitation index for (c) the mean SON

during QBOW months and (d) the SON difference between QBO W-E. The PDF is obtained by boot-

strapping the 500 yr simulation of the GC31-LL 42-yr periods and obtaining the averages and differences

in each sub-sample. The mean values for the Coupled Control and Nudged experiments, as well as for

ERA5 are shown as vertical lines.

trol experiments of this configuration but not in the Coupled Nudged experiments. A probabil-299

ity density function (PDF) of QBO W-E in the IOD index was constructed using 35-yr chunks300

of the pre-industrial control experiment GC31-LL to sample internal variability within the model.301

The difference in the IOD index per QBO phase for individual ensemble members from the Con-302

trol and Nudged experiments is plotted together with the GC31-LL PDF (Fig. 6c-d) to exam-303

ine the likelihood that the results from the Nudged experiments happen by chance.304

The results in Fig. 6c-d strongly suggest that the influence on the IOD is removed when305

nudging is applied given that some ensemble Nudged members show differences that are outside306

of the 99% range of the PDF whereas all the Control experiments show results that fall close to307

the median of the GC31-LL PDF. The results for the EN3.4 index are very similar (Supplemen-308

tary Fig. S6) confirming the ENSO-QBO relationship has been removed by the nudging.309

This section shows that the coupled control experiments in our configuration broadly re-310

produce those of Garćıa-Franco et al. (2022), i.e., wamer SSTs and wetter conditions in the deep311
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tropics in QBOW compared to QBOE as well as statistical links between the QBO and ENSO312

and the IOD. However, nudging has significantly affected the relationships between the QBO and313

the tropical troposphere. Several plausible explanations, including the possibility that the sta-314

tistical relationships diagnosed by Garćıa-Franco et al. (2022) are simply due to an upward ef-315

fect from the troposphere to the stratosphere, are discussed in the final section. The following316

section evaluates three hypotheses using these experiments.317

3.3 Mechanisms318

The main mechanisms suggested by the literature to possibly explain a role for the QBO319

in modulating aspects of tropical convection are the static stability, QBO-Walker circulation and320

high-cloud effects. This section aims to evaluate these hypotheses through a comparison of the321

coupled nudged and Control experiments.322

3.3.1 The static stability hypothesis323

The effect of the QBO over the tropical UTLS temperature structure has been well doc-324

umented (Tegtmeier et al., 2020; Martin et al., 2021c) and is, arguably, the most frequently sug-325

gested mechanism that relates tropical convection variability to the QBO (Collimore et al., 2003;326

Liess & Geller, 2012; Hu et al., 2012; Nie & Sobel, 2015; J. C. K. Lee & Klingaman, 2018; Hitch-327

man et al., 2021). The UTLS static stability is defined here by the temperature difference (∆T )328

between 150 and 70 hPa, so that negative values indicate decreased stability. Other definitions329

of ∆T such as the temperature difference between 250 hPa and 70 hPa, as well as using the 100330

hPa temperature filed as a proxy yield similar results to our definition.331

Figure 7 shows the QBO (W-E) signal in ∆T and convective precipitation. The spatial dis-332

tribution of the ∆T differences is relatively zonally symmetric, although for ERA5 and the nudged333

experiments ∆T maximizes in the Eastern Pacific. The magnitude of the QBO-related variabil-334

ity in ∆T is doubled by the nudging in the deep tropics compared to the control experiments,335

however the precipitation response is not increased in the nudged experiment. The precipitation336

response to the QBO in models and observations is, firstly, not zonally symmetric and secondly,337

not collocated with the largest influence of the QBO signal on the static stability differences.338

The relationship between the UTLS static stability and tropical precipitation is investigated339

in more detail in Figure 8. This figure shows several scatter plots of the spatial and temporal re-340

lationship between the static stability and precipitation in both reanalysis and our model sim-341
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Figure 7. Convective precipitation (shading) and UTLS static stability (∆T contours in [K]) DJF

composite differences (QBO W-E) in (a) ERA5 and the ensemble-mean Coupled (b) Control and (c)

Nudged experiments. Only statistically significant differences to the 95% confidence level are plotted.

ulations. First, Figure 8a shows the scatter plot of the monthly-averaged ∆T versus ∆pr in the342

equatorial Western Pacific; such that each points represents a month in ERA5. Therefore, this343

figure shows that these two variables have a very weak temporal correlation. In other words, in344

ERA5, the temporal variability of the UTLS static stability is not related to precipitation vari-345

ability in the West Pacific warm pool. The sign of the correlation coefficient (weak in any case)346

reverses between QBOW months and QBOE months. Similar results are found for the simula-347

tions (not shown).348

Next, Figure 8b shows a scatterplot of the annual mean QBO W-E differences of ∆T ver-349

sus ∆pr at each grid-point in the Coupled nudged and Coupled Control experiments. The mag-350

nitude of the negative ∆T differences is higher in the nudged experiments than in the control whereas351

the spread of the precipitation differences is higher in the control. This figure illustrates that the352

nudging increases the spread of the ∆T differences but not of precipitation. Moreover, in the con-353
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Figure 8. a) Scatter plot of deseasonalized convective precipitation [∆pr mm d−1] versus UTLS static

stability [∆T K] anomalies for the western equatorial Pacific [0-10N,120-160E] in ERA5. Each data-point

represents a month in the 1979-2021 period. b) As in a) but for the DJF ensemble-mean QBO W-E dif-

ferences 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 ∆ pr versus ∆T in the EN3.4 region for each

ensemble member of the simulations and ERA5. d) Mean relationship of ∆ pr versus ∆T computed by

binning ∆T in all the grid-points at all times and computing the corresponding mean ∆ pr.

trol experiments, both positive and negative precipitation differences are found for similar ranges354

of ∆T differences. The existence of both positive and negative differences in ∆pr for similar val-355

ues of ∆T in the control indicates that there is no unique longitudinally coherent or zonally sym-356

metric impact of the QBO. Additionally, this plot suggests that the magnitude of the precipi-357

tation differences are not explained by ∆T differences.358

Then, Figure 8c shows how annual mean QBO W-E differences in ∆T are related to ∆pr359

in the Niño3.4 region for each ensemble member of the control and nudged experiments. All the360

coupled control ensembles show a positive precipitation difference (W-E) of up to 0.85 mm day−1,361

even though the static stability difference (W-E) is half as strong compared to the nudged ex-362
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periments. The nudged ensemble members, in contrast, simulate both positive and negative pre-363

cipitation responses close to 0, indicative of no statistical relationship between ENSO and the364

QBO in these experiments.365

Finally, Figure 8d analyses the average relationship between ∆T and ∆pr. In this plot, all366

the monthly-mean anomalies of convective precipitation and absolute values of ∆T have been367

composited using all the grid-points at equatorial latitudes [10◦S-10◦N] for all the months in each368

simulation. This procedure pairs ∆pr and ∆T taken at the same time and space coordinates. From369

this composite, the average ∆pr anomalies were computed for equally-separated bins of ∆T (start-370

ing at the 1th pecentile and up to the 99th percentile). In this plot, the variability of ∆T is not371

necessarily associated with the QBO but the purpose of this plot is investigate whether precip-372

itation anomalies are related to the upper-level temperature structure more generally.373

Therefore, Figure 8d shows the average precipitation anomaly for each ∆T bin. The mean374

relationship across the different datasets appears to be of a weak negative relationship which be-375

comes significant for high absolute values of ∆T characterized by higher static stability associ-376

ated with less precipitation and decreased UTLS static stability associated with more precipi-377

tation. This result would support the main assumption of the static stability mechanism, i.e.,378

that decreased upper level static stability associated with the QBO leads to more precipitation.379

This Figure also confirms that the nudging has increased ∆T variability but the nudging has only380

increased precipitation variability only for negative ∆T values.381

The implication from these results is that nudging has increased ∆T variability and indeed382

UTLS static stability is linked to precipitation, however, the time-mean composite differences,383

shown in the previous section, suggest that these local-scale ∆T impacts are not enough to sim-384

ulate a time-mean significant signal on surface precipitation. In other words, this section presents385

evidence that in the UM and ERA5, QBO-related changes to static stability are not a sufficient386

factor to modulate tropical convection.387

3.3.2 The Walker circulation388

Several studies have suggested a link between the QBO and the Walker circulation (Liess389

& Geller, 2012; Hitchman et al., 2021; Garćıa-Franco et al., 2022): specifically, in the UM the390

Walker circulation is weaker under QBOW than under QBOE. Figure 9 shows the impact of nudg-391

ing on the mean state and QBO-ENSO related variability of the Walker circulation. The biases392

in the mean-state of the Walker circulation are large in the control experiment, with differences393
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Figure 9. (a) Mean biases, diagnosed as differences between control ensemble-mean and ERA5, in the

Walker circulation, (equatorial averages [10S-10N]) diagnosed from the zonal mean temperature (K in

shading), zonal wind (contours in m s−1) and vertical velocity (vectors in Pa s−1). (b) shows the differ-

ences 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 (β) between the zonal wind (contours)

and the air temperature (shading) fields with the EN3.4 index.
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of up to 6 m s−1 and 1.5 K compared to ERA5 (Fig. 9a). However, nudging improves some of394

the zonal wind biases (b), especially in the Pacific Ocean, while also producing an impact on UTLS395

temperature biases (≈0.5 K).396

The QBO-related Walker circulation variability appears to be affected by the nudging. In397

the upper troposphere, the QBO impact on the zonal wind and vertical velocities is different for398

nudged and control experiments (c versus d). This difference is more obvious in the Indian Ocean399

sector where the control experiments suggest that the W-E response is characterized by anoma-400

lous ascent in the western sector and descent in the eastern sector, yet the nudged response is401

the opposite.402

Regression analysis was used to investigate the interaction of ENSO, the QBO and the Walker403

circulation, as in Garćıa-Franco et al. (2022). Figures 9e-f suggest that not only are the mean-404

state and the QBO relationships affected but the linear relationship between ENSO and the up-405

per branch of the Walker circulation is weakened when the nudging was applied (see e.g. 150E406

at 100 hPa where the temperature signal is twice as large in the control experiment). Note, how-407

ever, that the lower tropospheric ENSO signal remains unchanged.408

These results suggest that the effect from ENSO on to the UTLS temperature has been weak-409

ened by the nudging which suggests that the nudging may have overly constrained the upper-410

branch of the Walker circulation. Feedback processes between convection and the UTLS tem-411

perature may have been reduced in strength and the temperature field, constrained through ther-412

mal wind balance, which are perhaps related to the nature of the nudging conducted in this study413

(see section 4 for a more detailed discussion on this possibility).414

3.3.3 The CRE hypothesis415

High cirrus CREs are a key aspect of tropical climate (Hartmann & Berry, 2017; Byrne &416

Zanna, 2020) such that recent studies have suggested mechanisms through which CREs explain417

the observed MJO-QBO connection (Sun et al., 2019; Lin & Emanuel, 2022; Lim & Son, 2022).418

This section uses model diagnostics that are relevant to this hypothesis such such as outgoing419

longwave radiation (OLR), cloud top pressure (CTP), high cloud fraction (HCF %) and ice to-420

tal content (QCF) to better understand the differences between control and nudged experiments.421

The annual mean difference in HCF and QCF associated with the QBO phase (Fig. 10)422

shows that the relationship between high clouds and the QBO is different in nudged versus con-423
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Figure 10. Annual mean differences (QBO W-E during ENSO neutral periods) in high cloud fraction

[shading in %] and ice cloud water content [contours in 10−2 kg m−2] for Coupled Control and nudged

experiments. Only statistically significant (95% confidence level) differences are plotted.

trol coupled experiments. In the nudged experiments, the QBO signal is much more zonally sym-424

metric, characterized by reduced HCF and QCF at equatorial regions under QBOW compared425

to QBOE, in agreement with previous observational and modelling studies (Sun et al., 2019; Sakaeda426

et al., 2020; Sweeney et al., 2022). In contrast, the differences (W-E) in the free-running control427

simulations show a zonally asymmetric response, e.g., with a dipole of positive and negative anoma-428

lies in the Indian Ocean.429

Figure 11 shows the zonal-mean differences (QBO W-E) in convective precipitation and high430

cloud diagnostics. First, the control experiments show a dipole response of convective precipi-431

tation dipole response in the Indian Ocean, first reported by Garćıa-Franco et al. (2022), which432

is also observed in OLR, HCF and QCF. In the control experiments, precipitation differences are433

strongly anti-correlated with OLR, as expected, and positively correlated with CTP, HCF and434

QCF, which illustrates that high cloud occurrence is linked to convective precipitation. However,435

the nudged experiments do not exhibit such clear relationships. Instead, the nudged experiments436

show a zonally symmetric decrease of HCF under QBOW compared to QBOE. This could sug-437

gest that the without dynamical feedbacks, the QBO impact is to decrease HCF at equatorial438

latitudes.439
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Figure 11. Zonal-mean equatorially averaged [10S-10N] annual-mean differences QBO W-E (during

neutral ENSO conditions only) of (a) convective precipitation [mm day−1], (b) OLR [W m−2], (c) cloud

top pressure [Pa], (d) high-cloud fraction [%] and (e) ice total content [10−2 kg m−2].

In short, this section shows that when the stratosphere is nudged fewer high clouds are found440

under QBOW compared to QBOE at equatorial latitudes. In contrast, the control experiments441

show zonally asymmetric signals, particularly in the Indian Ocean, which closely follow precip-442

itation and OLR anomalies. These results suggest that the interaction between high clouds and443

the QBO phase has been modified by the nudging. Despite exhibiting robust zonally symmet-444

ric anomalies in HCF, the nudged experiments do not show spatially coherent or robust convec-445

tive precipitation differences. This result could suggest that changes to high cloud fraction or ice446

content alone are not sufficient for a significant precipitation response.447

4 Discussion and conclusions448

A set of nudging experiments performed with the MOHC UM was used to investigate three449

existing hypotheses that could explain links between the QBO and tropical convection and pre-450
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cipitation. By nudging the zonal wind in the equatorial stratosphere towards ERA5, the UM re-451

alistically reproduces the observed QBO-related variability in the zonal wind and temperature452

in the UTLS region. The nudging thus removed the weak QBO amplitude bias in the lower strato-453

sphere which could modify or weaken QBO tropical surface impacts in GCMs (J. C. K. Lee &454

Klingaman, 2018; H. Kim, Caron, et al., 2020; Martin et al., 2021a).455

The analysis of the atmosphere-only experiments has shown that the zonal wind in the equa-456

torial stratosphere, either nudged or free-running, makes little difference to the simulation of pre-457

cipitation in the UM with prescribed SSTs as boundary conditions. This result implies that any458

process that links the QBO to the tropical circulation within the model, such as those diagnosed459

in Garćıa-Franco et al. (2022), requires SSTs to play an active role, either driving the relation-460

ship or through SST-QBO feedbacks.461

The role of SST feedbacks for the QBO mechanism was investigated using coupled ocean-462

atmosphere experiments. In the control experiments, the SSTs over tropical oceans were found463

to be warmer under QBOW than under QBOE, in agreement with Garćıa-Franco et al. (2022).464

Precipitation patterns in these experiments follow the SSTs with wetter conditions over equa-465

torial oceans under QBOW compared to QBOE. However, in the nudged ensemble-mean, both466

SST and precipitation differences were null or close to zero in equatorial regions, meaning that467

the relationship between the QBO and the tropical surface in the control experiments was muted468

by the nudging. A closer inspection of other relationships between the QBO and the IOD and469

ENSO (Garćıa-Franco et al., 2022), confirmed that the nudging has notably modified, and in some470

cases removed, the QBO signal at the tropical surface.471

One possible explanation for these results is that the simulated QBO-tropical teleconnec-472

tions are the result of a bottom-up process which is broken when the stratosphere is nudged to-473

wards a specified state. Since the QBO is tightly coupled to the interaction between convectively474

triggered waves and the stratospheric mean flow (Baldwin et al., 2001; Y.-H. Kim & Chun, 2015;475

Geller et al., 2016; Garfinkel et al., 2022), the QBO is modulated by tropical variability such as476

ENSO events (Schirber, 2015; Serva et al., 2020). Therefore, one could reasonably suspect that477

the difference between the control and the nudged experiments is simply that waves propagat-478

ing from the tropical troposphere cannot propagate to the nudged layer in the nudged experi-479

ments.480

However, previous studies have found no evidence for an impact from ENSO on to the QBO481

amplitude and descent rates in the UM (Serva et al., 2020; Garćıa-Franco et al., 2022). While482
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tropical waves propagated from the troposphere to the stratosphere are a main control of the QBO483

characteristics, the impact of upward tropical wave propagation is subtle and does not instan-484

taneously change the zonal mean wind at 70 hPa (which is our index). This means that the ENSO-485

QBO relationship in the UM model remains to be explained.486

Another possibility is that feedbacks that are responsible for the relationships simulated487

in the control simulations were removed by the nudging. This possibility was investigated using488

elements from three hypotheses that could explain QBO teleconnections in the tropics: the static489

stability, the Walker circulation and high cloud feedbacks. The static stability hypothesis sug-490

gests that the UTLS temperature structure, affected by the QBO on interannual timescales, can491

modify the strength of convection such that decreased UTLS static stability under QBOE increases492

convection and precipitation compared to QBOW (Collimore et al., 2003; Liess & Geller, 2012).493

However, this study shows that the magnitude and sign of the UTLS static stability vari-494

ability associated with the QBO (Figs. 7 and 8) have no robust relationship with precipitation495

variability in the deep tropics in the UM. First, the QBO signal in UTLS static stability was found496

to be zonally symmetric but the QBO signal in precipitation was highly asymmetric. Second, the497

nudged experiments more than doubled the UTLS static stability variability associated with the498

QBO, yet the precipitation response to the QBO phase was muted when the nudging was ap-499

plied, Nevertheless, variability in the UTLS static stability is indeed positively correlated to pre-500

cipitation variability over tropical oceans (Fig. 8d). The implication from this result is that QBO-501

related variability in UTLS static stability is not a sufficient process to explain the link between502

the QBO and tropical convection and other processes amplify or overwhelm the influence of the503

static stability.504

A second hypothesis argues that the Walker circulation strength and location is affected505

by the QBO, which could explain why the precipitation response in the tropics is zonally asym-506

metric (Hitchman et al., 2021; Garćıa-Franco et al., 2022). The coupled experiments showed that507

the nudging significantly affected the mean-state and variability of the upper branch of the Walker508

circulation in the Pacific and maritime continent. A weakening of the Walker circulation under509

QBOW compared to QBOE is diagnosed in observations, the control experiments and other ver-510

sions of the UM model (Hitchman et al., 2021; Garćıa-Franco et al., 2022). However, the QBO-511

Walker circulation relationship was weakened when the nudging was applied to the model. In512

fact, the Indian Ocean response even reversed sign relative to the control. One possible expla-513

nation is that the nudging has overly constrained the upper branch of the Walker circulation, re-514
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moving mean-state biases and, to some extent, the influence from the SSTs on to the 200-100515

hPa temperature and wind fields (Fig. 9e-f). This result could mean that the Walker circulation516

plays a role in amplifying local-scale effects of the QBO in a feedback process which was mod-517

ified by the nudging. used, including cloud fraction and ice cloud content, an Finally, a CRE hy-518

pothesis has been suggested recently which argues that cirrus clouds play an important role in519

QBO tropical teleconnections (Sun et al., 2019; Sakaeda et al., 2020; Lin & Emanuel, 2022). This520

CRE hypothesis could operate at the large-scale, if the QBO modifies the mean-state of clouds521

in the TTL region (Tseng & Fu, 2017; Sweeney et al., 2022) but also at the convective scale if522

strength of ascent and vertical advection of water vapour is modified by the QBO (Nie & Sobel,523

2015; Sakaeda et al., 2020).524

To investigate this hypothesis, several diagnostics for high clouds were shown to be pos-525

itively correlated with precipitation changes in the control experiments. In the nudged exper-526

iments, a robust decreased fraction of high clouds under QBOW compared to QBOE is diagnosed527

across equatorial regions, which agrees with some observational and modelling evidence (Sun et528

al., 2019; Sakaeda et al., 2020; Sweeney et al., 2022; Lin & Emanuel, 2022). However, in the nudged529

experiments differences in high cloud fraction are not related to precipitation or OLR anoma-530

lies. These results highlight that the simulated QBO teleconnections require tropical stratosphere-531

troposphere coupling and feedbacks.532

One possible drawback of the nudging approach employed in this study is that the QBO533

winds have been nudged to the observations at all longitudes, in contrast to some studies that534

only nudge the zonal-mean values. While the QBO sets the zonal-mean temperature and wind,535

the local conditions of clouds, convection and temperature in the tropical UTLS are heavily in-536

fluenced by feedbacks at the UTLS region involving the horizontal advection of clouds (Lin &537

Emanuel, 2022), static stability (Nie & Sobel, 2015), or upward wave propagation (Sakaeda et538

al., 2020; Holt et al., 2022). This means that if the QBO is linked to tropical convection in the539

UM through the interaction of upward wave propagation and high-clouds, or through large-scale540

zonal circulations, with the underlying SSTs, our nudging setup was not the appropriate to di-541

agnose these mechanisms. Based on this hypothesis, the nudging at all longitudes of this study542

would weaken or even remove the influence of the lower troposphere on the local TTL and mut-543

ing feedbacks potentially involving large-scale tropical circulations. However, further studies, with544

different types of nudging or with different models are required to test these hypotheses.545
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Key Points:10

• Nudging the zonal wind in the equatorial stratosphere affects tropical convection variabil-11

ity only in coupled ocean-atmosphere simulations.12
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anism of QBO tropical teleconnections.16
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Abstract17

This study evaluates the main hypotheses to explain a coupling between the quasi-biennial os-18

cillation (QBO) in the tropical stratosphere and the tropical troposphere and surface. The im-19

pact of the QBO on tropical convection and precipitation is investigated through nudging exper-20

iments using the UK Met Office Hadley Centre Unified Model (UM). The model control simu-21

lations show robust links between the internally generated QBO and tropical precipitation and22

circulation. The model zonal wind in the tropical stratosphere was nudged above 90 hPa in atmosphere-23

only and coupled ocean-atmosphere configurations. The simulation of convection and precipi-24

tation in the atmosphere-only simulations is not statistically significantly different between the25

experiments with and without nudging, which may indicate that SST-convection coupling is needed26

for any QBO influence on the tropical lower troposphere and surface. In the coupled experiments,27

the precipitation and SST relationships with the QBO phase disappear when nudging is applied.28

Evidence from the nudging experiments shows that the QBO influence over lower stratospheric29

static stability is not sufficient to produce tropical surface impacts. The nudging also reduced30

the influence of the lower troposphere to the upper branch of the Walker circulation, irrespec-31

tive of the QBO, indicating that the upper troposphere has been slightly decoupled from the sur-32

face by the nudging. These results suggest that nudging all grid-points might mute relevant feed-33

back processes, including high cloud radiative effects and wave mean flow interactions, occurring34

at the tropopause level.35

Plain Language Summary36

The interaction between the stratosphere and the troposphere is well known to produce sur-37

face impacts in the extratropics. However, whether stratosphere-troposphere interactions affect38

the surface in the tropics associated with the variability of the stratospheric quasi-biennial os-39

cillation (QBO) is yet to be determined because the observational record is too short and trop-40

ical tropospheric variability masks any potential signal of the stratosphere. In this paper, we ex-41

amine hypotheses that suggest the stratospheric quasi-biennial oscillation can affect tropical deep42

convection to the extent of influencing tropical surface precipitation variability through targeted43

model experiments which prescribe the equatorial stratosphere towards observations. Our results44

indicate that prescribing the zonal wind in the stratosphere remove links between surface pre-45

cipitation and the QBO. The weight of the evidence in our findings suggest that the impact of46

the QBO on the static stability at the interface of the QBO and tropical convection is not enough47
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to produce significant effects over tropical convection and precipitation but high clouds in the48

tropics could play a bigger role than previously thought.49

1 Introduction50

The stratospheric quasi-biennial oscillation (QBO) has been linked to tropical deep con-51

vection for several decades (W. M. Gray, 1984; Giorgetta et al., 1999; Collimore et al., 2003; Liess52

& Geller, 2012). Observations show that the magnitude and location of tropical precipitation and53

several cloud properties are statistically related to the QBO phase (Liess & Geller, 2012; Tseng54

& Fu, 2017; L. J. Gray et al., 2018; H. Kim, Son, & Yoo, 2020; Hitchman et al., 2021; Garćıa-55

Franco et al., 2022; Sweeney et al., 2022). However, the extent to which the tropical troposphere56

and stratosphere are coupled, as well as the mechanisms that connect these two layers, remain57

a matter of debate (Haynes et al., 2021; Hitchman et al., 2021; Martin et al., 2021b).58

Firstly, the relatively short observational record which limits our ability to detect any ro-59

bust response of tropical precipitation to the QBO phase (Hu et al., 2012; Garćıa-Franco et al.,60

2022). The strong influence of El Niño-Southern Oscillation (ENSO) over tropical variability on61

interannual timescales is also a limiting factor for the attribution of anomalies in the tropics to62

the QBO (Liess & Geller, 2012; L. J. Gray et al., 2018; J.-H. Lee et al., 2019), especially because63

the ENSO-QBO relationship appears to have changed between 1960-1985 and 1985-2020 (Domeisen64

et al., 2019; Garćıa-Franco et al., 2022).65

Secondly, there is no clear understanding of how the QBO could modulate tropical deep66

convection. Several hypotheses have been suggested to potentially explain a coupling of the QBO67

and the tropical troposphere including static stability (e.g. Nie & Sobel, 2015; Haynes et al., 2021),68

vertical wind shear (e.g. W. M. Gray et al., 1992), a QBO-Walker circulation feedback (Collimore69

et al., 2003; Hu et al., 2012; Hitchman et al., 2021; Garćıa-Franco et al., 2022) and cloud feed-70

back hypotheses (Sakaeda et al., 2020). However, there is no clear understanding which of these71

hypotheses, if any, is the primary mechanism for a downward impact from the QBO on tropi-72

cal convection.73

The static stability hypothesis suggests that the meridional circulation driven by the de-74

scending QBO shear impacts the static stability in the region of the upper troposphere-lower strato-75

sphere (UTLS; W. M. Gray et al., 1992; Giorgetta et al., 1999; Collimore et al., 2003; Liess &76

Geller, 2012; Nie & Sobel, 2015; Back et al., 2020). These studies argue that decreased UTLS77

static stability is found under the easterly phase (QBOE) compared to the westerly phase (QBOW),78
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leading to enhanced convection under QBOE (Collimore et al., 2003) which could explain, e.g.,79

the stronger convection associated with the Madden-Julian Oscillation (MJO) under QBOE con-80

ditions (Yoo & Son, 2016; Son et al., 2017; Hendon & Abhik, 2018; Back et al., 2020).81

Observational and modelling results indicate that the QBO impact in the tropics is not zon-82

ally symmetric (Collimore et al., 2003; Liess & Geller, 2012; Garćıa-Franco et al., 2022). For this83

reason, several studies have suggested an interaction between the QBO and the Walker circula-84

tion (Liess & Geller, 2012; Hu et al., 2012; Hitchman et al., 2021). Observations show that the85

Walker circulation was weaker under QBOW compared to QBOE in the period of 1979-2021 (Hitch-86

man et al., 2021; Garćıa-Franco et al., 2022) but the causal direction of this relationship remains87

to be well understood.88

A different hypothesis, however, suggests that cloud-radiative effects (CREs) associated with89

the variability of tropical upper-level cirrus clouds explain the QBO-MJO link (Sun et al., 2019;90

Sakaeda et al., 2020; Martin et al., 2021b; Lim & Son, 2022; Lin & Emanuel, 2022). Given the91

importance of cirrus clouds for the radiative budget in the tropics due to their longwave CRE92

(Allan, 2011; Hartmann & Berry, 2017) and the role of the QBO modulating variability of clouds93

in the tropical tropopause layer (TTL) on interannual timescales (Liess & Geller, 2012; Davis et94

al., 2013; Tseng & Fu, 2017; Tegtmeier et al., 2020; Sweeney et al., 2022), the QBO could rea-95

sonably affect convection through CRE at different scales. Evidence for this hypothesis has shown96

that more high-cloud coverage associated with the MJO is observed during QBOE compared to97

QBOW (Sun et al., 2019; Sakaeda et al., 2020), suggesting that CREs associated with the QBO98

could be a relevant mechanism for QBO tropical teleconnections. In short, despite the growing99

number of hypotheses that explain a potential link between the QBO and tropical convective fea-100

tures, a clear mechanism remains to be determined.101

Since observations and theory have not successfully identified the mechanism for QBO trop-102

ical teleconnections, several studies have turned to numerical models such as cloud-resolving mod-103

els (Nie & Sobel, 2015; Martin et al., 2019; Back et al., 2020) and General Circulation Models104

(GCMs; J. C. K. Lee & Klingaman, 2018; H. Kim, Caron, et al., 2020; Serva et al., 2022) to iden-105

tify pathways of stratospheric-tropospheric coupling. Although GCMs are more comprehensive,106

stratospheric and tropospheric biases have hindered the potential use of these models to tackle107

this problem because GCMs underestimate the amplitude of the QBO in the lowermost strato-108

sphere (Fig. S1 and J. C. K. Lee & Klingaman, 2018; H. Kim, Caron, et al., 2020; Martin et al.,109

2021a). For this reason, the variability of the UTLS static stability associated with the QBO is110
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Figure 1. Annual mean SST [K] QBO W-E differences in (a) HadSST dataset and (b) the pre-

industrial control simulation of the UM GC31-LL pi. Hatching denotes significance to the 95% confidence

level.

lower than observed in models (Schenzinger et al., 2017; J. C. K. Lee & Klingaman, 2018; Bushell111

et al., 2020; Richter et al., 2020; Rao et al., 2020).112

This weak amplitude bias in the QBO has been hypothesized to explain why some observed113

teleconnections, including the MJO-QBO relationship, are not diagnosed in GCMs (J. C. K. Lee114

& Klingaman, 2018; H. Kim, Caron, et al., 2020; Martin et al., 2021a). Due to these biases, sev-115

eral studies have performed or suggested experiments in which the model stratosphere is relaxed116

towards an observed or idealized state of the stratosphere, also known as nudging (e.g. Garfinkel117

& Hartmann, 2011; J. C. K. Lee & Klingaman, 2018; Richter et al., 2020; Martin et al., 2021a).118

The nudging technique can remove biases, identify causal pathways and test specific hypothe-119

ses to understand mechanisms (L. Gray et al., 2020; Haynes et al., 2021).120

This study aims to understand QBO tropical teleconnections by addressing the issue of QBO121

model biases using relaxation experiments of the Met Office Hadley Centre (MOHC) Unified Model122

(UM). The UM is a state-of-the-art GCM that is able to simulate an internally generated QBO123

that is reasonably similar to observations, except for the weak amplitude bias in the lower strato-124

sphere (Richter et al., 2020). In addition, nudging has previously been successfully applied in this125

model (Telford et al., 2008; L. Gray et al., 2020). The UM exhibits robust connections between126

the tropical troposphere associated with the QBO, which are described in Garćıa-Franco et al.127

(2022), including a sea-surface temperature (SST) signal (see Figure 1) that is similar to the ob-128

served record and El Niño events occur more frequently under QBOW compared to QBOE.129

The main purpose of this study is to evaluate the effect of nudging on the representation130

of the QBO surface impacts in the tropics. The results of these experiments will be used to crit-131

ically examine existing hypotheses suggested to explain QBO-convection links: the static stabil-132
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ity mechanism and QBO-Walker circulation relationships, and the role of CREs. The remain-133

der of this paper is presented as follows. Section 2 describes the nudging experiments, as well as134

the observations, CMIP6 and reanalysis datasets used to compare the experimental results. Sec-135

tion 3 presents the results of the experiments. The final section presents a discussion and con-136

clusions arising from this study.137

2 Methods and data138

2.1 Observations and reanalysis139

Observational data of precipitation and SSTs are used in this study. The Global Precip-140

itation Climatology Project (GPCP) v2.3 (Adler et al., 2003) dataset is used for precipitation141

analyses and the HadSST v4.0 (Kennedy et al., 2019) for SST. For the remaining diagnostics,142

including the zonal wind and convective precipitation we use the reanalysis ERA5 from the Eu-143

ropean Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020) down-144

loaded at the 0.75x0.75◦ resolution from https://cds.climate.copernicus.eu/cdsapp. In all145

cases the data cover the period 1979-2021.146

2.2 The Met Office Unified Model147

The MOHC UM uses a seamless approach modelling framework that allows the setup of148

simulations using various configurations; for example, various horizontal resolutions maintain-149

ing the same parametrizations and dynamical core (Walters et al., 2019). In addition to the main150

experimental design for nudging used in this study, which is explained in detail in the following151

section, the CMIP6 preindustrial control experiment from the MOHC model HadGEM3 is used152

for comparison. The preindustrial control experiments use constant external forcing integrated153

for 500 years (Menary et al., 2018). In this study we use results from the HadGEM3 GC3.1 N96154

(GC31-LL) experiment.155

2.3 Nudging scheme156

Nudging refers to the relaxation of a model variable towards a specified state, which can157

be taken from reanalysis, observations or idealized states (L. Gray et al., 2020; Martin et al., 2021a).158

In the UM setup, three variables can be nudged: air temperature (T ) and the zonal (u) and merid-159

ional (v) components of the wind; in this study we use ERA5 as the nudging data. The relax-160

ation is applied at each grid-point, in contrast to other studies (e.g. Martin et al., 2021a) that161
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employ a spectral model and apply the relaxation only to the zonal-mean component. Specif-162

ically, the UM uses a Newtonian relaxation technique (Telford et al., 2008; L. Gray et al., 2020)163

which sets the field to be nudged (F ) at each time-step through the following equation:164

∆F = G∆t(Fndg − Fmodel), (1)

where ∆F is the discrete change of F at each time-step, G is the relaxation parameter, ∆t is the165

time-step size, Fndg is the value of the field from the nudging data and Fmodel is the model value166

of the field at the last time-step (Telford et al., 2008).167

The relaxation parameter G sets the strength of the relaxation and is linked with the re-168

laxation timescale (τ) by G = 1/τ . Previous studies (Telford et al., 2008; L. Gray et al., 2020)169

have shown that a 6-h relaxation time-scale is sufficient to constrain the stratosphere in the model170

and so the same parameter was used for the simulations of this chapter (G = 1
6 h−1).171

Furthermore, the nudging can be performed between specified vertical levels and in selected172

latitude/longitude regions with tapering, which refers to a linear interpolation between the max-173

imum G and zero nudging (G = 0). The chosen experimental design relaxes only the zonal wind174

(u) at all longitudes in the latitude band of 20◦S-20◦N, with a 10◦ tapering, at the model lev-175

els corresponding to 90 hPa to 4 hPa, with a vertical tapering of 4 levels, which means that full176

nudging was in effect only at 10◦S-10◦N from 70 hPa to 10 hPa. The experimental setup aims177

to reasonably simulate the observed variability of the zonal wind leaving the meridional compo-178

nent of the wind and the temperature to respond freely within the model.179

2.4 Experimental design180

The configuration of the UM model used for the nudging experiments is GC3.1 (version 11.4),181

which is the same configuration as the CMIP6 experiments (Walters et al., 2019). All the exper-182

iments, AMIP and coupled, are set up using a present-day climate configuration where all ex-183

ternal forcings are set constant to those of the year 2000. The atmospheric horizontal resolution184

is N96 (1.875◦x1.25◦) for our experiments. A summary of all the experiments is given in Table185

1.186

The atmosphere-only (AMIP) experiments were conducted for 32 years (1981-2012) using187

prescribed SST and sea-ice boundary conditions for the period 1981-2012, using the data pro-188

vided as part of the CMIP6 AMIP forcing setup. Three sets of AMIP experiments were run: Con-189
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Table 1. Experimental setup indicating the model configuration, the period, number of ensemble mem-

bers (Ens.) and relaxation details.

Name
Configuration Period Ens. Nudging

AMIP Atmosphere-

only

1981-2012 3 ERA5.

AMIP-Control Atmosphere-

only

1981-2012 3 No nudging

AMIP-Shifted Atmosphere-

only

1981-2012 3 ERA5 Relaxation shifted

-1 year.

Coupled

Nudged

Coupled ocean-

atmosphere

1981-2015 6 ERA5.

Coupled Con-

trol

Coupled ocean-

atmosphere

1981-2015 6 No nudging

trol, Nudged and Shifted. In the control experiment, the model stratosphere was free to evolve.190

In the Nudged experiment, the equatorial zonal wind was nudged, as described in the previous191

section, with the nudging wind data matching the corresponding SST data.192

In addition, we performed another type of atmosphere-only experiment, the Shifted exper-193

iment. In the normal AMIP Nudged experiment, the SST driving data corresponds to the same194

year as the nudged zonal wind in the equatorial stratosphere. In the Shifted experiment, the nudg-195

ing data was shifted with a -1 year lag from the SSTs, e.g., the model year 1997 was run using196

1997 SSTs but zonal winds in the stratosphere corresponding to 1996. An alternative approach197

would be to shuffle the SSTs so that each year is run with randomly selected SSTs. However,198

since we are performing multi-year simulations shuffling has associated issues of how to join the199

randomly-selected SSTs at the year-boundary to form a coherent multi-year SST time-series. To200

avoid this issue we decided to simply shift the zonal wind nudging data by one year so the QBO201

phase and SSTs were not aligned.202

For the coupled ocean-atmosphere experiments, a control and a nudged ensemble of 6 mem-203

bers were run for 35 years (1981-2015 model years). The coupled experiments use an oceanic res-204

olution of 0.25◦ (ORCA025) using the NEMO model (Storkey et al., 2018). Each ensemble mem-205

ber was initialized from different ocean/atmosphere initial conditions, in order to decrease the206
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role that internal variability may have on these simulations by averaging out the ensemble. Specif-207

ically, the coupled ocean-atmosphere configuration was initialized using oceanic conditions from208

a 100-yr simulation of the same model configuration that were found 10 years apart from each209

other.210

2.5 Indices and methods211

ENSO is measured through the standard Oceanic Niño Index, i.e., the time-series of area-212

averaged SSTs in the Niño 3.4 region (hereafter EN3.4 Trenberth, 1997) and a 5-month running213

mean using a 0.5 K threshold to define positive or negative events. The QBO index is defined214

using the equatorially-averaged [10S-10N] zonal winds at the 70 hPa level and a ±2 m s−1 thresh-215

old to define W and E phases. A measure of the zonal gradient of convective activity in the In-216

dian Ocean is used as a proxy of the Indian Ocean Dipole (IOD), as in Garćıa-Franco et al. (2022).217

Composite and regression analysis are used to evaluate the differences amongst experiments, as218

in Garćıa-Franco et al. (2022). Statistical significance in observations and individual ensemble219

members is diagnosed using a bootstrapping method with replacement, whereas for all ensemble-220

mean differences, given their relative larger sample size, standard two-sided t-tests are used.221

3 Results222

Figure 2 demonstrates that nudging increases the UTLS temperature and zonal wind vari-223

ability associated with the QBO. The comparison of the QBO W-E difference between the nudged224

experiments, ERA5, the 500-yr CMIP6 GC31-LL simulation, and the control experiments shows225

that the nudged experiments closely resemble the results from ERA5 whereas the control exper-226

iments exhibit a much weaker signal. In the tropical UTLS region, the nudged experiments show227

a wider and stronger QBO signal than the control experiments which demonstrates that these228

experiments are suitable to explore the processes that relate the QBO with the tropical surface.229

The control-nudged difference plots (Fig. S2) illustrate that the warm anomalies near the equa-230

torial tropopause between 70-90 hPa are up to 1.5 K larger in the nudged experiments.231

Since the nudging technique has removed the weak QBO amplitude bias in the lower strato-232

sphere, we now analyse tropical teleconnections in these experiments. First, results from the atmosphere-233

only experiments are analysed, followed by the analysis of the coupled experiments. The final234

section investigates the mechanisms that could explain the differences between nudged and con-235

trol experiments.236
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Figure 2. Latitude-height plot of the zonal-mean temperature (shading) zonal wind (contours in m

s−1) QBO W-E differences in (a) ERA5, the nudged simulations in (b) AMIP and (c) coupled configura-

tions and (d) GC3 N96-pi from CMIP6, the control simulations with no nudging in an (e) AMIP and (f)

coupled configurations

Figure 3. Annual-mean precipitation response (QBO W-E) in (a) GPCP, and atmosphere-only experi-

ments: (b) AMIP CTRL, (c) AMIP Nudged and (d) AMIP Shifted.

3.1 Atmosphere-only experiments237
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This section shows the results of the atmosphere-only experiments: AMIP Nudged, AMIP238

Control and AMIP Shifted (in which the imposed winds have been shifted by a year so there is239

an out-of-phase relaxation of the winds with respect to the SSTs), compared to observations (1981-240

2012). The annual-mean difference of precipitation between QBOW and E phases from the three241

experiments are compared with GPCP differences in Fig. 3. The AMIP Nudged ensemble-mean242

matches closely the results of GPCP, characterised by an El Niño pattern in the Pacific Ocean,243

a weaker Atlantic ITCZ and a zonal gradient of precipitation in the Indian Ocean during QBOW244

compared to QBOE.245

In contrast, the differences in the AMIP Control and the AMIP Shifted experiments show246

little similarity to the observed response, a similar result is found for seasonal-mean composite247

differences (see e.g. Fig S3). The fact that the QBO response is different in the three types of248

AMIP experiments suggests that the underlying SSTs, and not the QBO winds, are responsible249

for these differences. However, it may still be the case that tropical convection is sensitive to the250

QBO phase in these simulations and this effect is hidden by the strong effect of SST forcing.251

Time-series of multiple diagnostics averaged at equatorial latitudes and in the EN3.4 re-252

gions are shown in Figure 4. The tropical mean outgoing longwave radiation (OLR) and precip-253

itation is not significantly affected by the nudging, suggesting that convective activity is inde-254

pendent from the state of the QBO at 70 hPa. The correlation coefficients of precipitation and255

OLR with respect to observations (a-b) are indistinguishable between experiments, both for the256

tropics-wide (a, c) and for the EN3.4 region (b, d).257

The timeseries of the equatorial zonal mean zonal wind at 70 hPa (U70; Fig. 4e) shows a258

correlation between ERA5 and the Nudged experiment, as expected. In contrast, the correlation259

of ERA5 with AMIP CTRL is virtually zero, because the ensemble-mean zonal wind of the CTRL260

collapses to near zero values. The Shifted experiment shows a negative and high correlation (0.65)261

with ERA5, which is not surprising, since the SSTs have been shifted by one year i.e. approx-262

imately half a QBO cycle.263

The timeseries of the near-tropopause temperature (T100; Fig. 4g-h) shows that the Nudged264

ensemble is correlated with ERA5 in the tropical mean. This correlation increases for the EN3.4265

region in all the experiments such that the three simulations are well correlated with ERA5, al-266

though the Shifted experiment shows the lowest correlation. These results suggest the near-tropopause267

temperature is controlled by the QBO in the zonal-mean but by local SSTs at regional scales.268

In short, this section shows that in atmosphere-only experiments the nudging produces the ex-269
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Figure 4. Time-series in the atmosphere-only experiments of (a, b) precipitation, (c, d) outgoing long-

wave radiation (OLR), (e, f) zonal wind at 70 hPa (U70) and (g, h) air temperature at 100 hPa. The

timeseries are shown for quantities averaged over the (left) zonal-mean equatorial [5◦S-5◦N] and (right)

EN3.4 regions. For each AMIP experiment the Pearson correlation coefficient between the experiment and

ERA5 is shown in the legend. Note that the model year refers to the SST years as described in section

22.4.

pected impacts in U70 and the zonal-mean T100, however, the nudging appears to have no made270

impact on the simulation of precipitation and OLR.271

3.2 Coupled experiments272

This section analyses the coupled ocean-atmosphere experiments, labelled as the Coupled273

Nudged and the Coupled Control simulations, which consist of 6 ensemble members (see section274

22.4). The SST response is first examined through the annual mean QBO W-E ensemble-mean275

difference in tropical SSTs of the coupled control experiments (Fig 5a-b) which compares rea-276

sonably well with the results from HadSST and GC3 LL-pi (Fig. 1). This response is character-277

ized by warmer SSTs (+0.2-0.3K) during QBOW than during QBOE in the deep tropics and gen-278

erally cooler subtropical oceans. However, for the Coupled Nudged ensemble-mean, the tropi-279
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Figure 5. As in Fig, 1 but for results of the (a, c) Coupled Control and (b, d) Coupled Nudged

ensemble-mean (a, b) SST [K] and (c, d) precipitation [mm day−1].

cal response is essentially zero, although some sparse regions showing slight cooling (W-E) can280

be observed in the subtropics. This means that the nudging has affected the physical mechanism281

behind the robust statistical relationship between the tropical SSTs and the QBO phase in the282

UM (Garćıa-Franco et al., 2022).283

The QBO W-E differences in each of the 6 ensemble members in the Control and Nudged284

experiments (Fig. S4) show that the weak response in the ensemble-mean of the nudging exper-285

iments is the result of very different responses from each ensemble member. These individual re-286

sponses cancel out to a large extent. In contrast, most of the control ensemble members exhibit287

a warming signal in the equatorial oceans, leading to the statistically significant response seen288

in the ensemble-mean.289

The precipitation response (Fig. 5c-d) follows closely the SST patterns. The robust rela-290

tionship between the QBO and tropical precipitation in the UK UM (Garćıa-Franco et al., 2022)291

is also observed in the Control experiment characterized by shifts of the ITCZ in the Pacific and292

Atlantic sectors and a wetter western Indian Ocean. This relationship is, however, removed, when293

the nudging is applied as the nudged ensemble-mean is virtually zero across the tropics, which294

is also due to the cancelling effect of different responses in individual ensemble members (Fig.295

S5).296

One key result from Garćıa-Franco et al. (2022) was a robust relationship between the QBO297

and the IOD during boreal fall. Figure 6 shows that this relationship is also robust in the Con-298
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Figure 6. (a, b) Monthly-mean convective precipitation IOD index [mm day−1] in coupled (a) control

and (b) nudged ensemble-means separated by QBO phase; the error bars indicate ensemble spread. (c,

d) Probability density functions (PDFs) of the IOD convective precipitation index for (c) the mean SON

during QBOW months and (d) the SON difference between QBO W-E. The PDF is obtained by boot-

strapping the 500 yr simulation of the GC31-LL 42-yr periods and obtaining the averages and differences

in each sub-sample. The mean values for the Coupled Control and Nudged experiments, as well as for

ERA5 are shown as vertical lines.

trol experiments of this configuration but not in the Coupled Nudged experiments. A probabil-299

ity density function (PDF) of QBO W-E in the IOD index was constructed using 35-yr chunks300

of the pre-industrial control experiment GC31-LL to sample internal variability within the model.301

The difference in the IOD index per QBO phase for individual ensemble members from the Con-302

trol and Nudged experiments is plotted together with the GC31-LL PDF (Fig. 6c-d) to exam-303

ine the likelihood that the results from the Nudged experiments happen by chance.304

The results in Fig. 6c-d strongly suggest that the influence on the IOD is removed when305

nudging is applied given that some ensemble Nudged members show differences that are outside306

of the 99% range of the PDF whereas all the Control experiments show results that fall close to307

the median of the GC31-LL PDF. The results for the EN3.4 index are very similar (Supplemen-308

tary Fig. S6) confirming the ENSO-QBO relationship has been removed by the nudging.309

This section shows that the coupled control experiments in our configuration broadly re-310

produce those of Garćıa-Franco et al. (2022), i.e., wamer SSTs and wetter conditions in the deep311
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tropics in QBOW compared to QBOE as well as statistical links between the QBO and ENSO312

and the IOD. However, nudging has significantly affected the relationships between the QBO and313

the tropical troposphere. Several plausible explanations, including the possibility that the sta-314

tistical relationships diagnosed by Garćıa-Franco et al. (2022) are simply due to an upward ef-315

fect from the troposphere to the stratosphere, are discussed in the final section. The following316

section evaluates three hypotheses using these experiments.317

3.3 Mechanisms318

The main mechanisms suggested by the literature to possibly explain a role for the QBO319

in modulating aspects of tropical convection are the static stability, QBO-Walker circulation and320

high-cloud effects. This section aims to evaluate these hypotheses through a comparison of the321

coupled nudged and Control experiments.322

3.3.1 The static stability hypothesis323

The effect of the QBO over the tropical UTLS temperature structure has been well doc-324

umented (Tegtmeier et al., 2020; Martin et al., 2021c) and is, arguably, the most frequently sug-325

gested mechanism that relates tropical convection variability to the QBO (Collimore et al., 2003;326

Liess & Geller, 2012; Hu et al., 2012; Nie & Sobel, 2015; J. C. K. Lee & Klingaman, 2018; Hitch-327

man et al., 2021). The UTLS static stability is defined here by the temperature difference (∆T )328

between 150 and 70 hPa, so that negative values indicate decreased stability. Other definitions329

of ∆T such as the temperature difference between 250 hPa and 70 hPa, as well as using the 100330

hPa temperature filed as a proxy yield similar results to our definition.331

Figure 7 shows the QBO (W-E) signal in ∆T and convective precipitation. The spatial dis-332

tribution of the ∆T differences is relatively zonally symmetric, although for ERA5 and the nudged333

experiments ∆T maximizes in the Eastern Pacific. The magnitude of the QBO-related variabil-334

ity in ∆T is doubled by the nudging in the deep tropics compared to the control experiments,335

however the precipitation response is not increased in the nudged experiment. The precipitation336

response to the QBO in models and observations is, firstly, not zonally symmetric and secondly,337

not collocated with the largest influence of the QBO signal on the static stability differences.338

The relationship between the UTLS static stability and tropical precipitation is investigated339

in more detail in Figure 8. This figure shows several scatter plots of the spatial and temporal re-340

lationship between the static stability and precipitation in both reanalysis and our model sim-341
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Figure 7. Convective precipitation (shading) and UTLS static stability (∆T contours in [K]) DJF

composite differences (QBO W-E) in (a) ERA5 and the ensemble-mean Coupled (b) Control and (c)

Nudged experiments. Only statistically significant differences to the 95% confidence level are plotted.

ulations. First, Figure 8a shows the scatter plot of the monthly-averaged ∆T versus ∆pr in the342

equatorial Western Pacific; such that each points represents a month in ERA5. Therefore, this343

figure shows that these two variables have a very weak temporal correlation. In other words, in344

ERA5, the temporal variability of the UTLS static stability is not related to precipitation vari-345

ability in the West Pacific warm pool. The sign of the correlation coefficient (weak in any case)346

reverses between QBOW months and QBOE months. Similar results are found for the simula-347

tions (not shown).348

Next, Figure 8b shows a scatterplot of the annual mean QBO W-E differences of ∆T ver-349

sus ∆pr at each grid-point in the Coupled nudged and Coupled Control experiments. The mag-350

nitude of the negative ∆T differences is higher in the nudged experiments than in the control whereas351

the spread of the precipitation differences is higher in the control. This figure illustrates that the352

nudging increases the spread of the ∆T differences but not of precipitation. Moreover, in the con-353
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Figure 8. a) Scatter plot of deseasonalized convective precipitation [∆pr mm d−1] versus UTLS static

stability [∆T K] anomalies for the western equatorial Pacific [0-10N,120-160E] in ERA5. Each data-point

represents a month in the 1979-2021 period. b) As in a) but for the DJF ensemble-mean QBO W-E dif-

ferences 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 ∆ pr versus ∆T in the EN3.4 region for each

ensemble member of the simulations and ERA5. d) Mean relationship of ∆ pr versus ∆T computed by

binning ∆T in all the grid-points at all times and computing the corresponding mean ∆ pr.

trol experiments, both positive and negative precipitation differences are found for similar ranges354

of ∆T differences. The existence of both positive and negative differences in ∆pr for similar val-355

ues of ∆T in the control indicates that there is no unique longitudinally coherent or zonally sym-356

metric impact of the QBO. Additionally, this plot suggests that the magnitude of the precipi-357

tation differences are not explained by ∆T differences.358

Then, Figure 8c shows how annual mean QBO W-E differences in ∆T are related to ∆pr359

in the Niño3.4 region for each ensemble member of the control and nudged experiments. All the360

coupled control ensembles show a positive precipitation difference (W-E) of up to 0.85 mm day−1,361

even though the static stability difference (W-E) is half as strong compared to the nudged ex-362
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periments. The nudged ensemble members, in contrast, simulate both positive and negative pre-363

cipitation responses close to 0, indicative of no statistical relationship between ENSO and the364

QBO in these experiments.365

Finally, Figure 8d analyses the average relationship between ∆T and ∆pr. In this plot, all366

the monthly-mean anomalies of convective precipitation and absolute values of ∆T have been367

composited using all the grid-points at equatorial latitudes [10◦S-10◦N] for all the months in each368

simulation. This procedure pairs ∆pr and ∆T taken at the same time and space coordinates. From369

this composite, the average ∆pr anomalies were computed for equally-separated bins of ∆T (start-370

ing at the 1th pecentile and up to the 99th percentile). In this plot, the variability of ∆T is not371

necessarily associated with the QBO but the purpose of this plot is investigate whether precip-372

itation anomalies are related to the upper-level temperature structure more generally.373

Therefore, Figure 8d shows the average precipitation anomaly for each ∆T bin. The mean374

relationship across the different datasets appears to be of a weak negative relationship which be-375

comes significant for high absolute values of ∆T characterized by higher static stability associ-376

ated with less precipitation and decreased UTLS static stability associated with more precipi-377

tation. This result would support the main assumption of the static stability mechanism, i.e.,378

that decreased upper level static stability associated with the QBO leads to more precipitation.379

This Figure also confirms that the nudging has increased ∆T variability but the nudging has only380

increased precipitation variability only for negative ∆T values.381

The implication from these results is that nudging has increased ∆T variability and indeed382

UTLS static stability is linked to precipitation, however, the time-mean composite differences,383

shown in the previous section, suggest that these local-scale ∆T impacts are not enough to sim-384

ulate a time-mean significant signal on surface precipitation. In other words, this section presents385

evidence that in the UM and ERA5, QBO-related changes to static stability are not a sufficient386

factor to modulate tropical convection.387

3.3.2 The Walker circulation388

Several studies have suggested a link between the QBO and the Walker circulation (Liess389

& Geller, 2012; Hitchman et al., 2021; Garćıa-Franco et al., 2022): specifically, in the UM the390

Walker circulation is weaker under QBOW than under QBOE. Figure 9 shows the impact of nudg-391

ing on the mean state and QBO-ENSO related variability of the Walker circulation. The biases392

in the mean-state of the Walker circulation are large in the control experiment, with differences393
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Figure 9. (a) Mean biases, diagnosed as differences between control ensemble-mean and ERA5, in the

Walker circulation, (equatorial averages [10S-10N]) diagnosed from the zonal mean temperature (K in

shading), zonal wind (contours in m s−1) and vertical velocity (vectors in Pa s−1). (b) shows the differ-

ences 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 (β) between the zonal wind (contours)

and the air temperature (shading) fields with the EN3.4 index.
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of up to 6 m s−1 and 1.5 K compared to ERA5 (Fig. 9a). However, nudging improves some of394

the zonal wind biases (b), especially in the Pacific Ocean, while also producing an impact on UTLS395

temperature biases (≈0.5 K).396

The QBO-related Walker circulation variability appears to be affected by the nudging. In397

the upper troposphere, the QBO impact on the zonal wind and vertical velocities is different for398

nudged and control experiments (c versus d). This difference is more obvious in the Indian Ocean399

sector where the control experiments suggest that the W-E response is characterized by anoma-400

lous ascent in the western sector and descent in the eastern sector, yet the nudged response is401

the opposite.402

Regression analysis was used to investigate the interaction of ENSO, the QBO and the Walker403

circulation, as in Garćıa-Franco et al. (2022). Figures 9e-f suggest that not only are the mean-404

state and the QBO relationships affected but the linear relationship between ENSO and the up-405

per branch of the Walker circulation is weakened when the nudging was applied (see e.g. 150E406

at 100 hPa where the temperature signal is twice as large in the control experiment). Note, how-407

ever, that the lower tropospheric ENSO signal remains unchanged.408

These results suggest that the effect from ENSO on to the UTLS temperature has been weak-409

ened by the nudging which suggests that the nudging may have overly constrained the upper-410

branch of the Walker circulation. Feedback processes between convection and the UTLS tem-411

perature may have been reduced in strength and the temperature field, constrained through ther-412

mal wind balance, which are perhaps related to the nature of the nudging conducted in this study413

(see section 4 for a more detailed discussion on this possibility).414

3.3.3 The CRE hypothesis415

High cirrus CREs are a key aspect of tropical climate (Hartmann & Berry, 2017; Byrne &416

Zanna, 2020) such that recent studies have suggested mechanisms through which CREs explain417

the observed MJO-QBO connection (Sun et al., 2019; Lin & Emanuel, 2022; Lim & Son, 2022).418

This section uses model diagnostics that are relevant to this hypothesis such such as outgoing419

longwave radiation (OLR), cloud top pressure (CTP), high cloud fraction (HCF %) and ice to-420

tal content (QCF) to better understand the differences between control and nudged experiments.421

The annual mean difference in HCF and QCF associated with the QBO phase (Fig. 10)422

shows that the relationship between high clouds and the QBO is different in nudged versus con-423
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Figure 10. Annual mean differences (QBO W-E during ENSO neutral periods) in high cloud fraction

[shading in %] and ice cloud water content [contours in 10−2 kg m−2] for Coupled Control and nudged

experiments. Only statistically significant (95% confidence level) differences are plotted.

trol coupled experiments. In the nudged experiments, the QBO signal is much more zonally sym-424

metric, characterized by reduced HCF and QCF at equatorial regions under QBOW compared425

to QBOE, in agreement with previous observational and modelling studies (Sun et al., 2019; Sakaeda426

et al., 2020; Sweeney et al., 2022). In contrast, the differences (W-E) in the free-running control427

simulations show a zonally asymmetric response, e.g., with a dipole of positive and negative anoma-428

lies in the Indian Ocean.429

Figure 11 shows the zonal-mean differences (QBO W-E) in convective precipitation and high430

cloud diagnostics. First, the control experiments show a dipole response of convective precipi-431

tation dipole response in the Indian Ocean, first reported by Garćıa-Franco et al. (2022), which432

is also observed in OLR, HCF and QCF. In the control experiments, precipitation differences are433

strongly anti-correlated with OLR, as expected, and positively correlated with CTP, HCF and434

QCF, which illustrates that high cloud occurrence is linked to convective precipitation. However,435

the nudged experiments do not exhibit such clear relationships. Instead, the nudged experiments436

show a zonally symmetric decrease of HCF under QBOW compared to QBOE. This could sug-437

gest that the without dynamical feedbacks, the QBO impact is to decrease HCF at equatorial438

latitudes.439
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Figure 11. Zonal-mean equatorially averaged [10S-10N] annual-mean differences QBO W-E (during

neutral ENSO conditions only) of (a) convective precipitation [mm day−1], (b) OLR [W m−2], (c) cloud

top pressure [Pa], (d) high-cloud fraction [%] and (e) ice total content [10−2 kg m−2].

In short, this section shows that when the stratosphere is nudged fewer high clouds are found440

under QBOW compared to QBOE at equatorial latitudes. In contrast, the control experiments441

show zonally asymmetric signals, particularly in the Indian Ocean, which closely follow precip-442

itation and OLR anomalies. These results suggest that the interaction between high clouds and443

the QBO phase has been modified by the nudging. Despite exhibiting robust zonally symmet-444

ric anomalies in HCF, the nudged experiments do not show spatially coherent or robust convec-445

tive precipitation differences. This result could suggest that changes to high cloud fraction or ice446

content alone are not sufficient for a significant precipitation response.447

4 Discussion and conclusions448

A set of nudging experiments performed with the MOHC UM was used to investigate three449

existing hypotheses that could explain links between the QBO and tropical convection and pre-450
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cipitation. By nudging the zonal wind in the equatorial stratosphere towards ERA5, the UM re-451

alistically reproduces the observed QBO-related variability in the zonal wind and temperature452

in the UTLS region. The nudging thus removed the weak QBO amplitude bias in the lower strato-453

sphere which could modify or weaken QBO tropical surface impacts in GCMs (J. C. K. Lee &454

Klingaman, 2018; H. Kim, Caron, et al., 2020; Martin et al., 2021a).455

The analysis of the atmosphere-only experiments has shown that the zonal wind in the equa-456

torial stratosphere, either nudged or free-running, makes little difference to the simulation of pre-457

cipitation in the UM with prescribed SSTs as boundary conditions. This result implies that any458

process that links the QBO to the tropical circulation within the model, such as those diagnosed459

in Garćıa-Franco et al. (2022), requires SSTs to play an active role, either driving the relation-460

ship or through SST-QBO feedbacks.461

The role of SST feedbacks for the QBO mechanism was investigated using coupled ocean-462

atmosphere experiments. In the control experiments, the SSTs over tropical oceans were found463

to be warmer under QBOW than under QBOE, in agreement with Garćıa-Franco et al. (2022).464

Precipitation patterns in these experiments follow the SSTs with wetter conditions over equa-465

torial oceans under QBOW compared to QBOE. However, in the nudged ensemble-mean, both466

SST and precipitation differences were null or close to zero in equatorial regions, meaning that467

the relationship between the QBO and the tropical surface in the control experiments was muted468

by the nudging. A closer inspection of other relationships between the QBO and the IOD and469

ENSO (Garćıa-Franco et al., 2022), confirmed that the nudging has notably modified, and in some470

cases removed, the QBO signal at the tropical surface.471

One possible explanation for these results is that the simulated QBO-tropical teleconnec-472

tions are the result of a bottom-up process which is broken when the stratosphere is nudged to-473

wards a specified state. Since the QBO is tightly coupled to the interaction between convectively474

triggered waves and the stratospheric mean flow (Baldwin et al., 2001; Y.-H. Kim & Chun, 2015;475

Geller et al., 2016; Garfinkel et al., 2022), the QBO is modulated by tropical variability such as476

ENSO events (Schirber, 2015; Serva et al., 2020). Therefore, one could reasonably suspect that477

the difference between the control and the nudged experiments is simply that waves propagat-478

ing from the tropical troposphere cannot propagate to the nudged layer in the nudged experi-479

ments.480

However, previous studies have found no evidence for an impact from ENSO on to the QBO481

amplitude and descent rates in the UM (Serva et al., 2020; Garćıa-Franco et al., 2022). While482
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tropical waves propagated from the troposphere to the stratosphere are a main control of the QBO483

characteristics, the impact of upward tropical wave propagation is subtle and does not instan-484

taneously change the zonal mean wind at 70 hPa (which is our index). This means that the ENSO-485

QBO relationship in the UM model remains to be explained.486

Another possibility is that feedbacks that are responsible for the relationships simulated487

in the control simulations were removed by the nudging. This possibility was investigated using488

elements from three hypotheses that could explain QBO teleconnections in the tropics: the static489

stability, the Walker circulation and high cloud feedbacks. The static stability hypothesis sug-490

gests that the UTLS temperature structure, affected by the QBO on interannual timescales, can491

modify the strength of convection such that decreased UTLS static stability under QBOE increases492

convection and precipitation compared to QBOW (Collimore et al., 2003; Liess & Geller, 2012).493

However, this study shows that the magnitude and sign of the UTLS static stability vari-494

ability associated with the QBO (Figs. 7 and 8) have no robust relationship with precipitation495

variability in the deep tropics in the UM. First, the QBO signal in UTLS static stability was found496

to be zonally symmetric but the QBO signal in precipitation was highly asymmetric. Second, the497

nudged experiments more than doubled the UTLS static stability variability associated with the498

QBO, yet the precipitation response to the QBO phase was muted when the nudging was ap-499

plied, Nevertheless, variability in the UTLS static stability is indeed positively correlated to pre-500

cipitation variability over tropical oceans (Fig. 8d). The implication from this result is that QBO-501

related variability in UTLS static stability is not a sufficient process to explain the link between502

the QBO and tropical convection and other processes amplify or overwhelm the influence of the503

static stability.504

A second hypothesis argues that the Walker circulation strength and location is affected505

by the QBO, which could explain why the precipitation response in the tropics is zonally asym-506

metric (Hitchman et al., 2021; Garćıa-Franco et al., 2022). The coupled experiments showed that507

the nudging significantly affected the mean-state and variability of the upper branch of the Walker508

circulation in the Pacific and maritime continent. A weakening of the Walker circulation under509

QBOW compared to QBOE is diagnosed in observations, the control experiments and other ver-510

sions of the UM model (Hitchman et al., 2021; Garćıa-Franco et al., 2022). However, the QBO-511

Walker circulation relationship was weakened when the nudging was applied to the model. In512

fact, the Indian Ocean response even reversed sign relative to the control. One possible expla-513

nation is that the nudging has overly constrained the upper branch of the Walker circulation, re-514
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moving mean-state biases and, to some extent, the influence from the SSTs on to the 200-100515

hPa temperature and wind fields (Fig. 9e-f). This result could mean that the Walker circulation516

plays a role in amplifying local-scale effects of the QBO in a feedback process which was mod-517

ified by the nudging. used, including cloud fraction and ice cloud content, an Finally, a CRE hy-518

pothesis has been suggested recently which argues that cirrus clouds play an important role in519

QBO tropical teleconnections (Sun et al., 2019; Sakaeda et al., 2020; Lin & Emanuel, 2022). This520

CRE hypothesis could operate at the large-scale, if the QBO modifies the mean-state of clouds521

in the TTL region (Tseng & Fu, 2017; Sweeney et al., 2022) but also at the convective scale if522

strength of ascent and vertical advection of water vapour is modified by the QBO (Nie & Sobel,523

2015; Sakaeda et al., 2020).524

To investigate this hypothesis, several diagnostics for high clouds were shown to be pos-525

itively correlated with precipitation changes in the control experiments. In the nudged exper-526

iments, a robust decreased fraction of high clouds under QBOW compared to QBOE is diagnosed527

across equatorial regions, which agrees with some observational and modelling evidence (Sun et528

al., 2019; Sakaeda et al., 2020; Sweeney et al., 2022; Lin & Emanuel, 2022). However, in the nudged529

experiments differences in high cloud fraction are not related to precipitation or OLR anoma-530

lies. These results highlight that the simulated QBO teleconnections require tropical stratosphere-531

troposphere coupling and feedbacks.532

One possible drawback of the nudging approach employed in this study is that the QBO533

winds have been nudged to the observations at all longitudes, in contrast to some studies that534

only nudge the zonal-mean values. While the QBO sets the zonal-mean temperature and wind,535

the local conditions of clouds, convection and temperature in the tropical UTLS are heavily in-536

fluenced by feedbacks at the UTLS region involving the horizontal advection of clouds (Lin &537

Emanuel, 2022), static stability (Nie & Sobel, 2015), or upward wave propagation (Sakaeda et538

al., 2020; Holt et al., 2022). This means that if the QBO is linked to tropical convection in the539

UM through the interaction of upward wave propagation and high-clouds, or through large-scale540

zonal circulations, with the underlying SSTs, our nudging setup was not the appropriate to di-541

agnose these mechanisms. Based on this hypothesis, the nudging at all longitudes of this study542

would weaken or even remove the influence of the lower troposphere on the local TTL and mut-543

ing feedbacks potentially involving large-scale tropical circulations. However, further studies, with544

different types of nudging or with different models are required to test these hypotheses.545
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Figure S1. Latitude-pressure plot of the amplitude [m s−1] of the QBO. Obtained from the

zonal mean zonal wind fourier spectrum magnitude within the QBO periods, as in ? (?).
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Figure S2. Differences in the QBO-related (W-E) variability in zonal mean zonal wind and

temperature in (a) AMIP and (b) Coupled experiments between runs with and without nudging.

Figure S3. As in Fig. 3 of the main manuscript but for the DJF season.
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Figure S4. Annual mean SST differences (QBO W-E) in Coupled Control (left) and Coupled

Nudged (right) ensemble members. Hatching denotes significance to the 95% confidence level

according to a bootstrapping with replacement test.
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Figure S5. As in Fig. S4 but for precipitation.
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Figure S6. As in Fig. 7 of the main manuscript but for the EN3.4 index.
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