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1. Introduction

The focus of this study is the general circulation of middle
atmosphere, which consists of the stratosphere, mesosphere, and
lower thermosphere, and the hierarchical structure embedded in
it, which spans several orders of magnitude (hundreds of meters
to tens of thousands of kilometers). The general circulation of
middle atmosphere is one of the major factors involved in
intraseasonal and interannual variability of the climate system,
including near-surface variability. Thus, better understanding of
the mechanisms is essential for long-range prediction of weather
and climate systems, although it is not yet fully performed.

The present study aims to physically elucidate the hierarchical
structure of the atmosphere at various scales and the coupling
between the northemn and southern hemispheres of the
atmosphere by combining continuous observation data with
high-accuracy and high-resolution from the Japan-led
international joint observation, which includes an Antarctic
Atmospheric Radar (PANSY), and simulations using a high-
resolution whole neutral atmosphere model.

2. Model and Experiments

The Japanese Atmospheric General circulation model for
Upper Atmosphere Research (JAGUAR) was developed as a
hybrid of two atmospheric general circulation models (GCMs),
the MIROC-AGCM and the Kyushu-GCM, which have been

independently developed in Japan (Watanabe and Miyahara
2009 [1]). In contrast to GCMs used for weather and climate
studies, the model top is set at a very high altitude (about 150 km).
Physical processes that are important in the mesosphere and
lower thermosphere are parameterized, e.g., infrared radiation
processes in non-local thermodynamic equilibrium, molecular
conductivity, molecular diffusion, chemical heating, and ion drag.
Another important aspect of the model is that the vertical
resolution is quite high to represent the vertical propagation of
gravity waves as accurately as possible.

In this study, first, we use the JAGUAR-Data Assimilation
System (JAGUAR-DAS) implemented in the DA system of
JAMSTEC to generate medium-resolution atmospheric analysis
data including three-dimensional winds, temperature,
geopotential, etc., on the model grid with a horizontal resolution
of about 300 km and a vertical resolution of 1 km. JAGUAR-
DAS assimilates the conventional observation data from ground-
based instruments, balloons, and aircraft, as well as the satellite
observation data in the stratosphere, mesosphere, and lower
thermosphere (Koshin et al. 2020 [2], 2021 [3]). We then use the
analysis data for initial values for the high-resolution version of
the model (i.e., 20 km and 300 km for horizontal and vertical
resolutions, respectively). The high-resolution JAGUAR does
not use gravity wave parameterization because most gravity

waves generated in the troposphere and propagating upward to
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the mesosphere and lower thermosphere are explicitly resolved
in this model. This is another advantage of the present study.

We performed high-resolution hindcast simulations of the
sudden stratospheric warming in January 2019, an international
joint observation period. This event transitioned from a polar
vortex displacement type to a split type. Specifically,
reconstructions were conducted using initial values every four
days from 4 December 2018 to 14 January 2019. The results of
analysis of the outputs (Okui et al. submitted) are described below.

3. Middle Atmospheric Variations and Roles of Waves

After the onset of the major warming, the winter polar
stratopause disappeared and reformed at a higher altitude,
forming an elevated stratopause (ES). Prior to the disappearance
of the stratopause, a marked temperature maximum appeared in
the polar upper mesosphere. Such temperature structure is
referred to as the mesospheric inversion layer (MIL). We
examined the formation mechanisms of the ES and MIL (Fig. 1).

Based on the analysis using the transformed Eulerian mean
equations and a three-dimensional theory of wave activity flux, it
was shown that the MIL was caused by negative Rossby wave
forcing in the upper mesosphere, which induces a downward
flow in the polar region. The ES was caused by both Rossby
wave and gravity wave forcing. However, Rossby waves
originating from the troposphere cannot reach the forcing regions
because the background wind is westward below, and hence
hardly contribute to the MIL and ES formation.

Thus, we further examined the source of the Rossby waves.
Before the MIL formation, convergence of gravity wave-driven
circulation caused increase in static stability resulting in a

potential vorticity peak in the midlatitudes (Fig. 1a and 1b). On
(a) 17-20 Dec km] (b)21-24 Dec [km] (c} 25-28 Dec [km]
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Figure 1

is potential vorticity; N 2 is static stability; T is temperature; W
(E) is westery (eastery) wind. Purple arrows represent residual

mean circulation (adapted from Okui et al. submitted).

Schematics of the MIL and ES formation. RWF and
GWF are Rossby wave and gravity wave forcing, respectively; PV

the polar side of this peak, the necessary condition for barotropic
and/or baroclinic instability, i.e., negative gradient of zonal mean
potential vorticity, was fulfilled. In fact, positive Rossby wave
forcing was observed afterwards in this unstable region (Fig. 1c).
This fact suggests that the Rossby waves responsible for the MIL
formation were excited by this instability. In contrast, before the
ES formation, Rossby wave breaking induced unstable condition
ofthe mean flow (Fig. 1d). It seems that this instability generated
secondary Rossby waves which contributed to the ES (Fig. le).

4. Concluding Remarks

In this year, we conducted hindcast simulations of the
stratospheric sudden warming in 2019 using the high-resolution
version of JAGUAR initialized by the atmospheric analysis data
with medium resolution produced by the JAGUAR-DAS. Three-
dimensional time evolution of the event was analyzed using the
high-resolution model outputs. The results showed the
importance of the interplay between Rossby waves and gravity
waves including wave generation in the middle atmosphere.

Additional high-resolution case studies and statistical analysis
based on the long-period analysis data generated by the
JAGUAR-DAS over the next year are planned for in-depth
understanding of the middle atmosphere dynamics. Quantitative
analysis including gravity wave forcing and these resulting
discoveries can only be made by such high-resolution hindcast
simulations performed in this study.
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