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1. Introduction

More than 60 years have passed since the quasi-biennial 

oscillation (QBO) was first discovered in the equatorial lower 

stratosphere [1][2]. Additionally, it has been almost three decades 

since it was first simulated in atmospheric general circulation 

models (AGCMs) [3]. During this period, significant progress 

has been made in our understanding of the mechanisms that drive 

the QBO and the recipes and cookbooks for reproducing it with 

AGCMs [4] 

Traditionally, modelers have tried to improve the stratospheric 

processes of AGCMs to have better representation of the QBO. 

This improvement involves increasing vertical resolution of the 

stratosphere and incorporating non-orographic gravity wave 

parameterizations. On the other hand, there has been limited 

research on how the adequacy of the tropospheric circulations in 

models influences the reproducibility of the QBO. In this study, 

we will demonstrate how nudging the troposphere of AGCMs 

changes the simulated QBO. We are, of course, interested in the 

mechanisms that bring about such changes. 

2. Method

The results are model-dependent, so a multi-model approach 

is preferred. As a starting point, two AGCMs were prepared as 

the minimum set for this study. Here, the models A and B are 

similar but use different cumulus convection schemes. 

2.1 Models 

- Model-A – used in SPARC-QBOi2 

MIROC6.1-AGCM with a T85 (~1.4deg) horizontal 

resolution is the developer's version of MIROC-AGCM, which 

bridges CMIP6 and CMIP7, with some minor updates from 

MIROC6.0 [5]. 

- Model-B 

The Chikira-Sugiyama (2010) cumulus scheme [6] used in 

Model A is switched to the mass-flux prognosed-type Arakawa-

Schubert scheme [7][8]. 

Both models have differently tuned to obtain as realistic QBO 

period and amplitude as possible. - The most important parameter 

was the constant source for the non-orographic gravity wave 

parameterization of Hines (1997) [9]. 

2.2 Experiments 

- Control experiments

Using both models, 28 years of AMIP experiments (Exp1 in 

QBOi [10]) were conducted from the beginning of 1979 to the 

end of 2006, which may contain ~12 QBO cycles as observed.

These experiments started from the same initial conditions at the 

beginning of 1979, in which the QBO zonal winds were 

initialized using ERA5 [11]. The external forcing including the 

sea surface temperature, sea-ice concentration, and greenhouse 

gas concentrations, etc. followed the historical forcing provided 

by CMIP6. 

- Tropospheric spectral nudging (TSN) experiments 

We wanted to correct biases in the large-scale circulation, 

including broad structures of the Walker circulation, in the 

troposphere and let the atmospheric waves behave as freely as

possible. To do this, we conducted spectral nudging experiments, 

applying nudging throughout the atmosphere below 100 hPa in 

both models utilizing the total horizontal wavenumber 0-10 

components of the 3-dimensional daily horizontal winds from

ERA5, with a relaxation time constant of 1 day. 

3. Results

3.1 Biases in the Upper Tropospheric Walker Circulation 

Fig. 1 compares the seasonal march of the upper branch of the 

Walker circulation in both models with ERA5. The strong and 

wide easterly wind bias in the eastern hemisphere (EH) is most 
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prominent in July of Model A. In contrast, easterly wind speed in 

July of Model B is underestimated over the Indian Ocean. These 

wind biases are greatly improved with TSN (not shown). 

3.2 Changes by Tropospheric Spectral Nudging 

Fig. 2 compares the time evolution of the zonal mean zonal 

wind profiles in the equatorial lower stratosphere for both models 

with ERA5. The mean period of QBO is well reproduced in the 

models. The QBO period in Model-A increased with TSN (~28 

=> ~31 mo). In contrast, it decreased in Model-B (~26 => ~24 

mo). Are these changes related to the Walker circulation biases 

which peaks in July? 

3.3. Zonal Wind Forcing by Resolved Waves 

Figs. 3a-b compare the longitude-height distribution of 

eastward forcing due to resolved waves in July 1979, calculated 

according to the divergence of the 3D wave activity fluxes of 

Miyahara (2006) using the 1-hour interval output of each model. 

The eastward (positive) wave forcing in Model A in the EH 

middle stratosphere (10-30hPa; blue box) is stronger than that in 

Model B. The contours of zonal winds strangely bend down in 

the blue box in Fig. 3a. 

Figs. 3c-d shows results in the TSN experiment where the 

tropospheric circulation biases were corrected by the spectral 

nudging. The eastward wave forcing in the EH middle 

stratosphere (10~30 hPa: blue boxes) decreases in Model A as the 

easterly winds in the upper troposphere weaken by TSN. On the 

contrary, it increases in Model B as the easterly winds in the 

upper troposphere strengthens by TSN. For the westward wave 

forcing in the WH lower stratosphere (40-100 hPa: green boxes), 

it increases in Model B as the westerly winds in the upper 

troposphere strengthens. 

3.4. k-ω Spectrum of u’ & w’ at 70 hPa 

Fig. 4 shows the zonal wavenumber (k) -frequency (ω) cross 

spectra for the eastward wind (u) and vertical wind (w) 

fluctuations, corresponding to the vertical flux of zonal 

momentum due to atmospheric waves. In the k-ω space, red 

shadings show the eastward momentum flux due to eastward 

propagating waves relative to weak easterlies, which cause the 

eastward wave forcing in the EH middle stratosphere (blue boxes 

in Fig. 3). Blue shadings show the westward momentum flux due 

to westward propagating waves relative to the weak easterlies, 

which cause the westward wave forcing in the WH lower 

stratosphere (green boxes in Fig. 3). 

With TSN, the eastward momentum flux decreases in -10 < 

Cx < 20 ms-1 in Model A, where Cx denotes the zonal phase speed 

relative to the ground. When we examine the k-ω spectra for 

precipitation, its power spectral density rather increases in that 

phase speed range (not shown). Presumably, it would be 

attributable to a reduction in obstacle effect generation of GWs 

associated with the reduction of easterly wind speed in the EH 

upper troposphere. In contrast, the magnitude of zonal 

momentum flux increases in -20 < Cx < 5 ms-1 in Model B, which 

may be attributable to the strengthening of the upper tropospheric 

easterly winds over the Indian Ocean. 

4. Summary and Discussions

By conducting the tropospheric spectral nudging experiments, 

this study demonstrated that the bias of the upper branch of the 

Walker circulation in the EH had a significant impact on the QBO 

period simulated by the model through the changes in the 

resolved wave forcing: 

Weaker Walker circulation -> weaker GW generation -> less 

GW forcing on QBO-> longer QBO period. 

In this study, we only present the results of the wave analysis 

focused on July of the first year of the 28 years of continuous 

integration. This is because July was the month in which the 

model's Walker circulation bias was largest, and because we 

wanted to have a similar QBO phase in each run for the 

comparison. 

To gain more useful insight into how to improve the QBO in 
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AGCMs with seasonal biases in tropospheric (and stratospheric) 

circulation, we propose, for example, to compare the momentum 

budget of the QBO zonal wind with reanalysis products by 

conducting a series of one-month hindcast experiments starting 

from the beginning of every month during the typical QBO cycle, 

e.g., 1981-1983. The TSN and 3D wave analysis may be worth 

to combine with such a Transpose-AMIP type approach with 

more intention on shorter time scale than we have done in the 

multi-model seasonal hindcasts of the QBO: SPARC QBOi-

Exp5 (Stockdale et al., 2020). We have conducted such 

experiments using MIROC6.1 and the GW-permitting Japanese 

AGCM for Upper Atmosphere Research (JAGUAR) and results 

would be reported in the near future. 
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