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ABSTRACT

The impact of stratospheric representation is investigated using the Model for Interdisciplinary Research
on Climate Atmospheric General Circulation Model (MIROC-AGCM) run with different model-lid heights
and stratospheric vertical resolutions, but unchanged horizontal resolutions (~1.125°) and subgrid parame-
terizations. One-hundred-year integrations of the model were conducted using configurations with 34, 42, 72,
and 168 vertical layers and model-lid heights of ~27 km (L34), 47 km (L42), 47 km (L72), and 100 km (L168).
Analysis of the results focused on the Northern Hemisphere in winter. Compared with the L42 model, the L34
model produces a poorer simulation of the stratospheric Brewer—Dobson circulation (BDC) in the lower
stratosphere, with weaker polar downwelling and accompanying cold-pole and westerly jet biases. The
westerly bias extends into the troposphere and even to the surface. The tropospheric westerlies and zone of
baroclinic wave activity shift northward; surface pressure has negative (positive) biases in the high (mid-)
latitudes, with concomitant precipitation shifts. The L72 and L168 models generate a quasi-biennial oscil-
lation (QBO) while the L34 and 42 models do not. The L168 model includes the mesosphere, and thus
resolves the upper branch of the BDC. The L72 model simulates stronger polar downwelling associated with
the BDC than does the L42 model. However, experiments with prescribed nudging of the tropical strato-
spheric winds suggest differences in the QBO representation cannot account for L72 — L42 differences in the
climatological polar night jet structure. The results show that the stratospheric vertical resolution and in-
clusion of the full middle atmosphere significantly affect tropospheric circulations.

1. Introduction

Troposphere—stratosphere coupling processes play an
important role in meteorological phenomena on time
scales from days to years (e.g., Baldwin and Dunkerton
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2001; Kidston et al. 2015). These coupling processes in-
volve not only the direct dynamical coupling between
the stratosphere and troposphere but also the influence
of chemical processes occurring in the stratosphere, es-
pecially in the Southern Hemisphere where ozone de-
struction in the winter/spring polar stratosphere impacts
the troposphere as well as the lower stratosphere. This
raises the question of how much the inclusion of a well-
resolved middle atmosphere changes weather and cli-
mate simulations in numerical models. Studies as early as
Boville and Cheng (1988) have investigated the effects of
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the stratosphere on representations of tropospheric phe-
nomena within global circulation models. More recently
Sassi et al. (2010) discussed simulations using the “low
top” standard Community Atmosphere Model, version
3.0 (CAM3.0), and the ‘“‘high top” Whole Atmosphere
Community Climate Model (WACCM) which was de-
veloped as an extension of CAM3.0. They conclude that a
poorly resolved stratosphere affects the simulated atmo-
spheric behavior in both the stratosphere and tropo-
sphere, including surface pressure fields. Hardiman et al.
(2012) investigated the effect of a well-resolved strato-
sphere on surface climate using high- and low-top ver-
sions of the Met Office coupled atmosphere—ocean
climate model HadGEM2-CC to compare results for
phase 5 of the Coupled Model Intercomparison Project
(CMIP5) “‘historical” experiment including external
forcing in the high-top model with those obtained using
the low-top model, which differed only in the vertical
extent and vertical resolution above 15km. They found
that the simulated long-term climatology, variability, and
trends in surface temperature and sea ice are rather in-
sensitive to the inclusion of a well-resolved stratosphere.
However, the representation of the impacts of atmo-
spheric teleconnections on surface climate, such as re-
sponses to El Nifio-Southern Oscillation (ENSO), the
quasi-biennial oscillation (QBO), and sudden strato-
spheric warmings (SSWs), is improved in the high-top
model. Osprey et al. (2013) investigated stratospheric
variability in these same high- and low-top models and
found a reduction in the westerly bias in the Northern
Hemisphere (NH) polar night jet in the high-top model.
The simulated QBO, interannual variations in strato-
spheric water vapor concentration, and frequency of SSW
occurrences were all improved in the high-top model and
they concluded that an adequate representation of the
stratosphere is necessary to capture important tropical
and extratropical variability modes.

Sigmond et al. (2008) examined the atmospheric cir-
culation response to CO, doubling in high-top and low-
top versions of a global atmospheric model. The physical
parameterizations in each version of the model were first
tuned to produce the most realistic present-day simu-
lation. They showed that the response of the low-top
model to doubled CO, is significantly different from that
of the high-top model, and that this difference is most
clearly attributed to the different setting of topographic
gravity wave parameterizations in the two versions
rather than the direct effect of the different model-top
heights.

Charlton-Perez et al. (2013) used a somewhat differ-
ent approach to this issue by surveying the stratospheric
climate and variability simulations from a large number
of different CMIP5 models and then looking among the
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models for systematic dependence on the height of their
top boundaries. They showed that, although the mean
stratospheric climate appears insensitive to the model-
top height, the low-top models generally have very weak
stratospheric variability on daily and interannual time
scales. However, the lack of stratospheric variability did
not appear to have any impact on the ability of the low-
top models to reproduce past stratospheric temperature
trends. Of course, there are clear limitations to such an
approach as the effects of the different physical pa-
rameterizations used in each model cannot be removed
(e.g., Manzini et al. 2014).

In this study we investigated the effects of the vertical
representation of the middle atmosphere on both strato-
spheric and tropospheric circulation patterns in global
model simulations. Our study used a single global atmo-
spheric model framework [Model for Interdisciplinary
Research on Climate Atmospheric General Circulation
Model (MIROC-AGCM)] run with four different com-
binations of model-top heights and vertical resolutions.
This allowed a systematic look at the effects of including
both the stratosphere and mesosphere and an assessment
of the degradation of the model simulation introduced by
coarsening the stratospheric vertical resolution. The four
simulations were conducted with constant horizontal res-
olutions, constant tropospheric vertical resolutions, and
consistent physical subgrid processes in order to isolate as
cleanly as possible the effects of the middle atmosphere on
simulated tropospheric circulations. To emphasize, all of
the parameters governing subgrid-scale process were the
same for each version and not tuned separately for each
resolution. It is notable that the fine-vertical-resolution
versions of the MIROC-AGCM simulate a fairly realistic
tropical stratospheric QBO (Kawatani et al. 2009, 2011,
2014) and the simulated QBO is one feature that is
strongly dependent on the stratospheric vertical resolu-
tion. Experiments are conducted to examine more spe-
cifically the effects of the simulated QBO on other aspects
of the model climate.

In this paper, we focus primarily on the December—
February (DJF) period when we expect strong troposphere—
stratosphere dynamical coupling in the NH. The paper is
arranged as follows. Section 2 describes the model and
experimental design. Section 3 shows the representation
of climatological zonal-mean temperature and zonal
wind in the various model configurations. Section 4
presents our analysis of the effects of including the
stratosphere on the modeled tropospheric circulation.
Section 5 investigates the tropospheric effects of the
details of model stratospheric vertical grid including the
resolution of the upper stratosphere and mesosphere.
Section 6 briefly discusses the effects of enhanced strato-
spheric representation in the March-May, June-August,
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and September—November periods of the year as revealed
in our model experiments. Section 7 presents a summary
and the conclusions for the study.

2. Model description and experimental design

The model employed is based on the atmospheric com-
ponent of the MIROC, version 3.2, a coupled atmosphere—
ocean GCM (Hasumi and Emori 2004; MIROC-AGCM).
The model has a horizontal resolution of T106 spectral
truncation, which corresponds to a grid interval of ap-
proximately 120km in the tropics (1.125°). Sensitivity
studies were also performed at T213 horizontal resolution
(approximately 60 km in the tropics). The MIROC-AGCM
used in this study included the mountain-induced gravity
wave parameterization by McFarlane (1987), but no non-
stationary gravity wave parameterization was included.

Our study is partly concerned with the effects of the
imposition of upper boundary conditions at different
heights. As is common, the MIROC-AGCM is formu-
lated on a staggered vertical grid in a hybrid sigma—
pressure coordinate with vertical velocity defined at half
levels and horizontal divergence and vorticity defined at
full levels. The upper boundary condition requires zero
pressure velocity at a half level formally located at zero
pressure. It is known that such a condition effectively acts
as an unrealistic reflecting “‘lid” for upward-propagating
waves (Lindzen et al. 1968). To reduce unrealistic re-
flection of vertically propagating waves from the model
top, the upper three levels are used as a sponge layer with
additional dissipation added to the computed prognostic
tendency equations. Specifically the horizontal diffusion
is successively doubled (i.e., 2, 4, 8 times) with respect to
the standard value in these three uppermost levels. Also
in the sponge layer, a linear damping Rayleigh friction is
applied to all spectral components of the vorticity and
divergence except the zonal-mean (i.e., zonal wave-
number 0) components. The nonzonal Rayleigh friction
introduced in the sponge layer by the linear relaxation
acts to damp waves without directly affecting the zonal-
mean zonal momentum. The potentially very unrealistic
effect of artificially damping the zonal-mean momentum
are described, for example, in Shepherd et al. (1996). In
this paper we will not show results in the sponge layer.

The T106 MIROC-AGCM was run for 100 years in
versions with 34, 42, 72, and 168 full levels in the vertical
with the highest full level (referred to as the ‘“model
top”’) located at ~20hPa (L34), 1.2hPa (L42), 1.2hPa
(L72), and 0.00059hPa (L168), respectively (corre-
sponding to ~27, 47, 47, and 100 km). Figure 1 shows
the vertical-level spacing for each model version. The
vertical-level structure from the surface to ~90hPa is
identical in all experiments.
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The vertical resolution of the .34 model is the same as
that of the .42 model except for its highest layer (layer
34). In the 142 model, the stratospheric vertical-level
spacing gradually becomes coarser above 90hPa,
reaching ~2.5km at 10 hPa. Comparison of .34 and L42
will therefore demonstrate the effect of excluding the
middle and/or upper stratosphere.

The L72 model has ~550-m vertical resolution from
the upper troposphere to ~5 hPa. The model-top heights
of 142 and L72 are the same, but the sponge layers are
located slightly differently: above 5.8 hPa for 142 and
above 3.6hPa for L72. Comparison of 142 and L72 will
therefore highlight the effect of improved vertical reso-
lution in the stratosphere.

The L168 sponge layer is located above 0.0018 hPa
and there is ~550-m vertical resolution up to 0.003 hPa.
Comparison of L'72 and L168 will therefore highlight the
impact of including a well-resolved upper stratosphere
and mesosphere.

Note that the computational requirements (in terms
of CPU node hours) for the same length of integration
of the L42, L72, and L168 versions are 1.5, 4.7, and
13.9 times that of the L34 version, respectively. This
comparison is for our model running on the Japan Agency
for Marine-Earth Science and Technology (JAMSTEC)
Earth Simulator.

To reduce the data amount archived, we processed
output data as follows. Monthly mean data were in-
terpolated onto 25 standard pressure levels and results
up to 85 hPa for L34 and 10 hPa for 142, L.72, and L168
are shown in this study. To investigate tropospheric
eddy activity, 6-hourly three-dimensional data up to
70hPa (interpolated onto 10 pressure levels) were ar-
chived. The flux terms in the transformed Eulerian mean
(TEM) formulation were internally calculated at each
model time step and daily means were output on 34, 42,
72, and 168 pressure levels. The Eliassen—Palm (EP) flux
and its divergence were first calculated each day on the
full-level structure, and then interpolated onto 25 stan-
dard pressure levels for archiving. Note that we will
present the EP flux divergence results scaled with mean
density so that they represent the contribution of the
eddies to the mean flow acceleration (ms~ ' day ).

When run with sufficiently fine stratospheric vertical
resolution (e.g., ~550m) the MIROC-AGCM sponta-
neously simulates a somewhat realistic QBO of the
tropical stratosphere. The QBO is simulated in the L72
and L168 models, but not in the 1.34 and 1.42 models (the
latter display little interannual variability in the tropical
stratospheric zonal-mean circulation). It is noteworthy
that the QBO can be simulated in this model despite not
including a nonstationary gravity wave parameterization
(Kawatani et al. 2009, 2011, 2014).
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FIG. 1. Vertical-resolution profiles for (a) L34, (b) L42, (c) L72, and (d) L168. Dots show the locations of full grid levels at which the
horizontal wind and temperature are computed. The top three levels in each case include strong horizontal diffusion and nonzonal
Rayleigh friction to reduce the reflection of vertically propagating waves from the model top (see text for details).

Annually repeating prescribed sea surface temperatures
(SSTs) and ozone concentrations were employed. The
monthly mean SSTs and sea ice were from the Hadley
Centre Sea Ice and Sea Surface Temperature dataset
(HadISST) climatology (based on an average from 1979 to
1998). The monthly ozone climatology data were from the
U.K. Universities” Global Atmospheric Modelling Pro-
gramme (UGAMP) monthly ozone climatology dataset
(Li and Shine 1999). The UGAMP ozone climatology is
based on observations during 1985-89.

Globally and vertically uniform concentrations are
prescribed for the radiatively active gases O, (21%),
CO, (345 ppmv), CHy (1.7 ppmv), and N,O (0.3 ppmv).
The CO, concentration prescribed here is close to the

NOAA Global Greenhouse Gas Network (GGGN)
estimate of the annual-mean, global-mean mixing ratio
for 1985 (ftp://aftp.cmdl.noaa.gov/products/trends/co2/
co2_annmean_gl.txt). The 1.7-ppmv CH,4 concentration
specified in our model is close to the GGGN estimate of
the annual-mean, global-mean mixing ratio for 1989.
The 0.3 ppmv adopted for N,O also agrees with pub-
lished observational estimates circa 1980 (e.g., https://
www.epa.gov/sites/production/files/2016-08/documents/
print_ghg-concentrations-2016.pdf). The water vapor
concentrations throughout the atmosphere are com-
puted prognostically including a middle-atmospheric
source via a parameterization of methane oxidation
[see Kawatani et al. (2014) for details]. Other aspects of
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the model formulation are described in Kawatani
et al. (2011).

To summarize, in these experiments (i) there is no
interannual variability of external forcing, (ii) the an-
nually repeating prescribed SSTs are computed as the
mean over the base period 1979-98, and (iii) the pre-
scribed concentrations of radiatively active gases are
reasonably representative of conditions during that base
period as well. The model climatology will be compared
with atmospheric observations averaged over 1979-98.

3. Representation of climatological zonal-mean
temperature and zonal wind

Figures 2 and 3 show climatological DJF- and zonal-
mean temperature and zonal wind for each model, to-
gether with ERA-Interim (hereafter ERA-I; Dee et al.
2011) data averaged from 1979 to 1998. Results of
T213L168 are also included here, but this version was
integrated for only 35 years due to limited computa-
tional resources. Only areas with differences judged to
be nonzero with statistical confidence of =95% are
shaded. The statistical significance is based on the two-
sided Student’s ¢ test for sampling the 100 (T106), 35
(T213), and 20 (ERA-I) individual DJF-mean data
points (effectively considering each DJF period as in-
dependent). The cold bias in the NH polar region and
westerly bias in the polar night jet become less severe
with increasing vertical resolution and with a higher
model top, but statistically significant cold and westerly
biases are still found even in the T106L.168 model sim-
ulation. These models did not include any nonstationary
gravity wave parameterization; experience with other
global models (e.g., Hamilton et al. 1999) suggests that
the westward force exerted by gravity wave momentum
deposition in the polar night upper stratosphere and
mesosphere explicitly represented by a T106 model
would be underestimated and that biases would be re-
duced in a higher-horizontal-resolution version.

This issue was investigated here by running a T213L.168
version of the MIROC-AGCM. Although different pa-
rameters are usually used in T106 and T213 model runs,
we used the same parameters in the T213L.168 model
to isolate the effects of horizontal resolution. Results
are shown in Figs. 2b and 3b. As expected, the cold-pole
and westerly jet biases are improved at finer horizontal
resolution. The T213L.168 simulation of the polar night
jet is actually slightly weaker around 50hPa and 60°N
than indicated by the ERA-I data. We focus on results
from T106 models from now on, as the main purpose
of this study is to investigate the effects of the vertical
representation of the stratosphere on tropospheric
phenomena.
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Unlike the stratospheric mean wind and temperature
biases, the tropospheric biases in Figs. 2 and 3 are not
dramatically improved by simply increasing the model-
top height and stratospheric vertical resolution. Never-
theless, the L34 model results do feature larger cold
biases around both the North and South Poles at 100
200 hPa, and a warm bias at ~45°N, together with con-
comitant westerly wind biases. Obviously biases in the
simulated mean climatology may be associated with
biases in simulated variability.

4. The effects of the stratosphere on tropospheric
circulations

In this section, we discuss the effects of the strato-
sphere on the simulation of tropospheric circulations by
comparing results from the L34 and L42 models. The
focus is on regions where the differences in the DJF-
mean climatology between models are judged to be
nonzero with statistical confidence greater than 95%.
Hereafter, differences revealed by subtracting the 142
model results from the L34 results are referred to as
“L34 — L42.”

Figure 4 shows latitude-height cross sections of zonal-
mean temperature and zonal wind differences, together
with L34 climatological values. Difference fields are
shown only up to 85 hPa because the .34 model has only
the sponge layer above this level (see Fig. 1). Large
negative differences (i.e., lower temperatures in L34)
are seen in high latitudes and positive differences are
found in lower latitudes. Consistent with thermal wind
balance, the L34 westerlies are stronger (weaker) in the
higher (lower) latitudes. In the NH, the L34 strato-
spheric polar night jet is stronger around 60°N and
100 hPa, and the westerly wind differences extend down
to the surface. In the Southern Hemisphere (SH), the
results indicate a poleward shift of the subtropical jet in
L34 relative to L42.

Purple and green lines in Fig. 4a show the tropopause
height (World Meteorological Organization definition)
in the L34 and L42 models, respectively. The strato-
spheric absorption of solar shortwave radiation may be
reduced in L34 versus L42 and hence more solar radia-
tion reaches tropopause levels, contributing somewhat
to the positive L34 — 142 temperature differences in the
subtropical and tropical regions.

Figure 5a shows the L42 latitude-height cross sec-
tions of zonal-mean zonal wind and residual-mean
vertical velocity w* in the TEM formulation. As ex-
pected, the large-scale stratospheric meridional circu-
lation [Brewer—Dobson circulation (BDC)] revealed
here is characterized by upwelling in the tropics and
downwelling in the high latitudes.



1208 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 76

0 (a) ERA-I 1979-1998 10(b) T213L168
20 220‘J
‘S 301
=B
S 200
t ol (L)
H -
2 100 .
L . 220
e N
500 260\
7001 280
1000 P - =

60S 305 Q N 60N 60S 30S EQ 30N 60N

(c) T106L168 (d) T106L72

pressure (hPa)

60S  30S EQ 30N  6ON

(f) T106L34

ressure (hPa)

()

o

o
1

500 1—
700 12
1000

60S 305 EQ 30N  6ON 60S 30S EQ 30N  6ON
[ T T T T 7
-24-20-16-12 -8 -4 0 4 B8 12 16 20 24K
FIG. 2. Climatological DJF zonal-mean temperatures (contours) for (a) ERA-I, (b) T213L168, (c) T106L168,
(d) T106L72, (e) T106L42, and (f) T106L34. Color shading indicates the model minus ERA-I temperature and is
plotted only when the difference has a statistical confidence =95% for the model minus ERA-I. The contour and
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(b) zonal wind. Color shading indicates differences with a statistical
confidence =95%. Black contours show the L34 zonal-mean tem-
perature and zonal wind at intervals of 10K and 10ms™", re-
spectively. The color shading is at £1, =2, =4, £6, *8, and =10K
for (a) and *1, *2, *4, *6, =8, and +10ms~ " for (b). The tro-
popause, as defined by the World Meteorological Organization, is
denoted by purple (L34) and green (L42) dashed lines.
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Figure 5b shows 134 — L42 w™ differences. Signifi-
cant large positive differences are seen in the mid- to
high latitudes, indicating weaker BDC downwelling in
the L34 model than in the L42 model. A compensating
effect is seen in the difference fields at low latitudes,
consistent with an overall weaker BDC in the L34
model.

The BDCis mainly driven by atmospheric waves, such
as planetary and gravity waves, that propagate from the
troposphere into the stratosphere and dissipate in the
extratropical and subtropical stratosphere. This wave
dissipation results in westward wave forcing of the mean
flow in the extratropical stratosphere and generates
poleward flow in the midlatitudes and upwelling in the
tropics (e.g., Butchart 2014). There are only three ver-
tical levels above 100hPa (i.e., 97, 88, and 78hPa,
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FIG. 5. Latitude-height cross sections of (a) the climatological
DJF-mean residual-mean vertical velocity (color shading) in the
L42 model and (b) the L34 — L42 difference in this quantity. In
(b) the color shading indicates values with a statistical confi-
dence =95%. The black contour lines show the zonal-mean zonal
wind in the (a) L42 and (b) L34 models with contour intervals of
10ms~ L. The color shading is at +0.2, +0.4, +0.6, +0.8, +1, *2,
+3, and *4mms~" for (a) and *0.05, £0.1, =0.2, =0.3, =04
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excluding the top three sponge levels; see Fig. 1a) in the
L34 model. We may expect that most of the strato-
spheric westward forcing presumably is not present in
the L34 model, due to poor representation of wave—-mean
flow interaction above ~80hPa, and the simulated BDC
is consequently underestimated in the lower stratosphere
and the upper troposphere.

The upper boundary itself may also have a fairly direct
effect on the BDC. Although the zero mass flux (pressure
velocity) condition is imposed nominally at zero pressure,
the first nonzero vertical velocities will be computed for
the model half level below the top full level and the ““lid”
condition may be expected to suppress this highest-level
vertical velocity to some extent. The lack of any repre-
sentation of the dynamics above ~27km in the L34
model may be expected to significantly suppress the BDC
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FIG. 6. (top) Latitude-height cross sections of the DJF-mean .34 model zonal-mean (a) meridional flux of zonal
momentum «'v/ and (b) meridional heat flux v/ 7" associated with eddies with periods from 2 to 8 days. (bottom) The
L34 — L42 differences for (c) u'v/ and (d) v'T". Black contours represent zonal-mean zonal winds from the 134
model with contour intervals of 10ms™'. Color shading is at =1, =5, £10, =15, £20, =25, and *30 m?s~2 for
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interval is 0.25ms ™ ' K for (d). Values with a statistical confidence of =95% are colored in (c) and (d).

and reduce polar downwelling. The weak high-latitude
downwelling in 1.34 results in weaker adiabatic heating,
which corresponds to colder mean temperatures in the
polar regions (Fig. 4a). Overall the absence of much of
the stratospheric dynamics from the L34 model may be
expected to result in a mean temperature unrealistically
close to radiative equilibrium.

Figures 6a and 6b show the L34 results for the
latitude—height cross sections of the climatological DJF-
mean zonal-mean meridional flux of zonal momentum
u'v' and heat v'T’ contributed by eddies with periods
from 2 to 8 days (i.e., the eddy fluxes associated with
synoptic-scale disturbances). The black contours repre-
sent the zonal-mean zonal wind. Positive and negative
u'v' and ' T’ values are seen near the subtropical jets in
the NH and SH respectively, indicating poleward
transport of momentum and heat by the synoptic eddies.

The L34 — 142 u'v' and o' T’ differences are shown in
Figs. 6¢ and 6d. Significant positive «'v/ differences are
seen north of ~40°N and negative differences are found
around the subtropical jet in the SH. Eddy heat flux
differences are also positive (negative) in the higher
latitudes in the NH (SH), indicating poleward shifts in

the baroclinic wave activity in the L34 model. The dif-
ferences for 1'v/ and o' T’ with all eddies included (not
shown) have nearly identical patterns as the synoptic
contributions shown in Fig. 6. The poleward shift in u'v/
in L34 corresponds well to the shift in the westerly jets
as seen in the zonal wind differences (Fig. 4b).

Figure 7a is a map of the DJF-mean 850-hPa 134 —
L42 zonal wind differences; the black contours indicate
the L34 climatological DJF mean. As seen in Fig. 4b, the
850-hPa zonal wind pattern shifts poleward in the L34
model compared with that in the L42 model, but there
are some differences between the NH and SH. In the
SH, this difference field is nearly zonally uniform, with
negative values around 40°S and positive values around
60°S. On the other hand, the differences in the NH are
less zonally uniform. Significant differences are seen
extending southwest to northeast in the Atlantic; they
are locally large in the central to eastern Pacific and
small in the eastern and western Pacific where they
display more complicated structures. Fig. 7b shows the
L34 — 142 meridional eddy heat flux v'T’ difference
together with L34 climatology. Eddy heat fluxes are
shifted poleward in the 1.34 model compared with those
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F1G. 7. Horizontal map of the L34 — 142 differences in clima-
tological DJF (a) zonal wind and (b) eddy heat flux v'T" at 850 hPa.
Black contour lines indicate the climatological-mean (a) zonal
wind and (b) v/ T’ from the L34 model. Color interval is 1 ms ™! for
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for (b). Values with a statistical confidence =95% are colored.
Black contour intervals are 3ms ™' for (a) and 3ms™ ' K for (b).

in the L42 model, as seen in the zonal-mean field
(Fig. 6d), but also display some more local structures,
especially in the NH.

Figure 8 shows horizontal maps of 2-m atmospheric
temperature [surface air temperature (SAT)], sea level
pressure (SLP), and precipitation differences for L34 —
L42. Note that positive precipitation differences are in-
dicated by red colors, using the same convention as for
other quantities. The black contours in Figs. 8b and 8c
show the climatological DJF-mean SLP and precipitation
in the L34 model. The SAT L34 — L42 differences are
generally smaller over ocean areas than over land—an
understandable consequence of using the same imposed
SSTs in both model versions. The L34 — L42 SAT dif-
ference map resembles the positive-phase Arctic Oscil-
lation (AO+) structure. Specifically, the field in Fig. 8a
shows warm conditions over Europe and cool conditions
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in the northeastern areas of North America and Green-
land, characteristic of the AO+ pattern (although note
that the negative values over western North America in
the L34 — 42 SAT difference map deviate from the usual
AO-+ pattern). This overall AO+ pattern is consistent
with what is seen in the real atmosphere when the polar
night jet is stronger than usual, and so it is reasonable that
this difference in SAT accompanies the L34 — L42 model
jet differences (Fig. 4b).

Corresponding to the distribution of the zonal wind
anomalies (Figs. 4b, 7a), the SLP differences are gen-
erally negative in the polar region and positive in the
midlatitudes, indicating that the 1.34 model simulates
generally lower (higher) SLP in the polar (midlatitude)
region (Fig. 8b). Like the 2-m temperature anomalies,
the SLP anomalies are more zonally uniform in the SH
and more locally distributed in the NH. In the central
Pacific, around 40°-60°N, locally large positive SLP
anomalies are observed. Compared with the ERA-I SLP
data, the core of the Aleutian low shifts westward in L34
and has a more realistic location in 142, indicating that
inclusion of the stratosphere improves the representa-
tion of the Aleutian low, at least for the MIROC-
AGCM. The SLP anomalies in the Pacific correspond
to the 850-hPa zonal wind differences (Fig. 7a), which
are large and somewhat confined in the central Pacific.

In general, the distributions of the precipitation
anomalies (Fig. 8c) correspond well to those of the SLP
(Fig. 8b) and 850-hPa v/ T’ anomalies (Fig. 7b) poleward
of 30°N and 40°S; more precipitation is induced under
lower pressure and stronger synoptic eddies, and less
precipitation is seen under higher pressure and weaker
eddies. This correspondence is much clearer in the SH.
Interestingly, significant precipitation anomalies are
also observed in the equatorial region. Stratospheric
processes, such as sudden stratospheric warming and/or
the QBO in tropical circulation, can influence tropical
precipitation (Kodera et al. 2015; Liess and Geller 2012;
Yoo and Son 2016; Gray et al. 2018). Differences in
equatorial precipitation between the 134 and L42
models might be related to the simulation of the BDC,
vertical zonal wind shear, tropical tropopause temper-
ature, etc. A detailed investigation is beyond the scope
of this study, but should be included in future research.

Figure 9a shows the climatological DJF-mean SLP for
the L34 (red contours) and L42 (blue contours) models.
As mentioned above, the core of the Aleutian low in L34
is shifted westward ~10° compared with that in 142.
Figure 9b illustrates the 500-hPa geopotential height
L34 — L42 difference. Negative differences are seen
near 20°N, 170°W and to the north of negative pre-
cipitation anomalies in the central Pacific, near 5°N
(Fig. 8c). Positive differences seen to the north of these
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FIG. 9. Horizontal maps of the climatological DJF-mean SLP
from L34 (red) and L42 (blue) and (b) the L34 — L42 difference in
DJF climatological-mean geopotential height at 500 hPa. The color
shading is at 5, =10, +20, =60, and =80 m, and values with a
statistical confidence =95% are colored in (b).

negative anomalies correspond to the positive SLP dif-
ferences near 40°N (Fig. 8b). These patterns are similar
to the negative Pacific-North America (PNA) pattern,
which includes negative anomalies over North America
and positive anomalies over the southeastern United
States (e.g., Wallace and Gutzler 1981).

Figure 10 is a schematic illustrating the differences
between the model version without most of the strato-
sphere (L34) and the version including a representation
of the stratosphere (L42): that is, L34 — 1L.42. The effects
of the stratosphere on tropospheric circulations in the
MIROC-AGCM can be summarized as follows:

1) The L34 model simulates a weaker BDC than does the
L42 model, likely due in part to the direct effect of the
low model top in suppressing vertical mass fluxes and
in part to the absence of wave driving of the mean flow
above the model top. Significant residual-mean verti-
cal velocity differences between the models extend
from the stratosphere into the troposphere down to
about 300-500 hPa at high latitudes.

2) The mean polar temperature is closer to the radiative
equilibrium in L34 than in L42 due to the suppression
of the BDC and the weaker adiabatic heating asso-
ciated with the reduced polar downwelling in the
L34 model.
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FI1G. 10. Schematic illustration of some differences in the simu-
lated circulation between the model without the stratosphere (L.34)
and the model with the stratosphere (L42);i.e., L34 — L42. Derived
in part from the illustration in box 1 of Kidston et al. (2015).

3) The stratospheric jet is stronger, consistent with
thermal wind balance.

4) The westerly mean wind differences seen promi-
nently in the stratosphere extend, to some extent,
down to the surface. The transport of angular mo-
mentum by the waves in the upper troposphere 1/ is
shifted poleward in L34 relative to L42, a change that
mirrors the shift in the mean jet.

5) The distributions of surface pressure and precipita-
tion in the model simulations are also affected by the
inclusion of the stratosphere.

5. Effects of stratospheric vertical resolution and
inclusion of the upper stratosphere and
mesosphere on tropospheric circulations

In this section, we discuss 1) the effects of the strato-
spheric vertical resolution on tropospheric circulations
by comparing the 142 and 172 models and 2) the effects
of moving the model top from the upper stratosphere to
the upper mesosphere by comparing the L72 and L168
models. Comparing 142 with L168 reveals the combined
effects of 1 and 2.

Figure 11 shows latitude-height cross sections of the
zonal-mean temperature, zonal wind, and residual-
mean vertical velocity w" differences for L42 — L72,
L72 — L168, and L42 — L168. Contour lines show cli-
matological temperature and zonal winds for 142 (left),
L72 (middle), and L42 (right). In L42 — L72, the sta-
tistically significant large easterly differences in the
equatorial stratosphere (Fig. 11d) are due to the absence
of the QBO in the L42 model; the stratospheric vertical
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resolution in the 142 model is ~1-3 km (Fig. 1), which is
not sufficient to simulate the QBO in the MIROC-
AGCM (at least in the absence of nonstationary gravity
wave parameterization). In addition, the absence of the
QBO in the L42 model (as well as the accompanying
QBO secondary circulation; e.g., Plumb and Bell 1982)
leads to a tropically confined signal in the 142 — L72
differences in temperature (Fig. 11a) and mean vertical
velocity (Fig. 11g). There are significant w" differences
in the NH polar stratosphere, indicating weaker down-
welling in 142 than in L72 (Fig. 11g). Negative temper-
ature differences appear in the NH polar stratosphere
(Fig. 11a), although they are not statistically significant.
Statistically significant positive temperature differences
are seen near 60°N in the midlatitude lower stratosphere
~200-100 hPa. Easterly and westerly mean wind differ-
ences corresponding to these temperature differences are
found to the south and north of ~60°N, respectively. The
easterly differences around 50°N extend down to the
lower troposphere.

In L72 — L168, significant and large positive " dif-
ferences (Fig. 11h) are seen in the high-latitude NH
stratosphere, indicating weaker downwelling in the L.72
model. The L72 — L168 residual-mean vertical velocity
differences are negative in the SH high latitudes. The
L72 model, which has a fine vertical resolution only up to
ShPa (Fig. 1), cannot adequately represent the upper
branch of the BDC, while the LL168 model can resolve
the full BDC structure, including in the uppermost
stratosphere. This may cause the weaker downwelling in
the high latitudes in L72, resulting in colder polar tem-
peratures (Fig. 11b) and a stronger polar night jet
(Fig. 11e). The QBO simulation is slightly different in
the L72 and L168 models, resulting in difference fields in
the equatorial stratosphere in Figures 11b, 11e, and 11h.
Figures 11c, 11f, and 11i present the L42 — L168 dif-
ferences showing the combined effects of improving
stratospheric resolution and moving the model top to
the upper mesosphere.

The position of the polar night jet core at 10hPa is
located farther south and the meridional extent of the jet
is wider in the 1.42, L72, and 168 model versions suc-
cessively (see 10ms~ ' lines at 10hPa in Fig. 3). The
polar night jet in the L168 model is most similar to that
in the ERA-I data. Previous studies have shown that
adopting finer model resolution generally acts to im-
prove the polar night jet structure (Hamilton et al. 1999;
Watanabe et al. 2008). Under higher vertical resolution
and a higher model top, dynamical processes such as
wave-mean flow interactions and residual circulations
are better represented, which shifts the temperature
structure away from radiative equilibrium and toward
more realistic values.
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FIG. 11. Latitude—height cross sections of the climatological DJF-mean (a)-(c) zonal-mean temperature, (d)—(f) zonal-mean zonal

wind, and (g)-(i) residual-mean vertical velocity differences for (left) L42 — L72, (center) L72 — L168, and (right) L42 — 168.
Contour lines show climatological (a)—(c) temperature and (d)—(i) zonal wind in (left) L42, (center) L72, and (right) L42. The dashed
lines in (a)—(c) shows tropopause heights for L42 (green), L72 (blue), and L168 (red), which are nearly identical. The color shading
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and 10ms ™! for (d)-(i).

Easterly and westerly differences are apparent near 50°
and 75°N, respectively, in both L42 — L72 and L72 —
L168, reflecting somewhat different simulations of the
mean stratospheric polar night jet structure. As seen in
the L34 — L42 results, these easterly and westerly dif-
ferences extend down to into the troposphere; this pat-
tern is especially distinct in the L42-1.168 comparison
(Fig. 11f). The finer vertical resolution in the stratosphere

(L42 — L72) is of greater importance than the inclusion
of a mesosphere (L72 — L168) in terms of the impact on
the troposphere. This is consistent with Haynes et al.
(1991) who suggest that eddy forcing just up to ~50km
will drive at least 80% of the residual vertical velocity
at 18km.

Figure 12a shows latitude-height cross sections for the
climatological DJF-mean EP flux and EP flux divergence
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in the L168 model. EP flux convergence (i.e., westward
mean-flow forcing) is seen in most of the extratropical
stratosphere and contributes to the generation of the BDC
(Haynes et al. 1991). Figures 12b—d show differences in EP
flux and EP flux divergence. The L42 — L72 differences in
the EP flux divergence are largely positive in the mid- to
high latitudes above ~50hPa in the NH (Fig. 12b). This
result indicates that the westward wave forcing is larger in
L72 than in L42. The finer vertical-level spacing in L72
allows this version to resolve more waves with short ver-
tical wavelengths and so possibly to represent more re-
alistic wave-mean flow interactions. Stronger westward
forcing induces larger downwelling associated with the
BDC in the high-latitude stratosphere (Fig. 11g). Di-
rections of EP flux difference vectors in the NH extra-
tropics correspond to zonal wind differences: downward
and upward vectors correspond to regions of easterly and
westerly mean wind differences, respectively.

Between about 120 and 60 hPa the L42 — L72 differ-
ences in EP flux divergence show a layered structure in
both the NH and SH extratropics, with negative values
centered around 85 hPa surrounded by positive values
above and below. This may reflect the effects of the
abrupt change in vertical resolution in the L42 model
to a much coarser grid above ~90hPa which has no
counterpart in the L72 model (which has a constant
vertical-level spacing of ~550m; Fig. 1). Waves with
vertical wavelengths smaller than, say, ~2.2km can be
resolved below the ~90-hPa level in both the 142 and
L72 models, but cannot be resolved above the ~90-hPa
level in the L42 model. The EP flux differences near
90 hPa suggest that the L42 waves are artificially damped
and/or reflected near 90 hPa. The effect may also affect
the local BDC (Fig. 11g). These results indicate the
importance of using a constant, or slowly varying,
vertical-level spacing in climate models to avoid
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artificial discontinuities in representation of waves and
wave—mean flow interaction processes.

The L72 — L168 EP flux difference vectors are down-
ward near 45°N (Fig. 12¢) in the region of easterly mean
wind differences (Fig. 11e); statistically significant posi-
tive EP flux divergence differences are found ~10-
20 hPa. Since the vertical resolution (up to ShPa) is the
same for L72 and L168, this may reflect the effects of the
upper branch of the BDC on the middle stratosphere
(e.g., Birner and Bonisch 2011). Accurate representation
of the full BDC is related to the mean zonal wind struc-
ture and is associated with modification of EP flux di-
vergence. The differences between the 142 and L168
models are more distinct (Fig. 12d).

Figure 13 is a map of SLP and precipitation differ-
ences for each of L42 — L72, L72 — L168, and L42 —
L168. The L42 — L72 differences in the SLP are positive
along ~60°N and slightly negative near 40°N; these are
associated with the easterly surface wind differences
around 50°N and westerly differences near 75°N
(Fig. 11d: note surface westerly differences near 75°N
are not colored as they are not statistically significant).
In the NH, precipitation differences are positive in the
midlatitudes and slightly negative in the higher latitudes,
opposite in sign to the SLP differences, just as was seen
in the 134 — L42 results (Fig. 8). The L72 — L168 dif-
ferences in both SLP and precipitation are small and
occur in conjunction with small differences in tropo-
spheric zonal winds (Fig. 11e). Despite the small mag-
nitude, the signs of the SLP differences in the SH
high latitudes are opposite in L42 — L72 (positive) and
L72 — L168 (negative) in association with the easterly
and westerly anomalies at ~60°Sin L42 — L72and L72 —
L168, respectively (Figs. 11d,e). The reason for these
small differences is not clear. The L42 — L168 SLP dif-
ferences in the SH high latitudes are almost negligible.

The NH L42 — L168 differences are more distinct.
Enhanced precipitation and lower SLP are found along
~35°N in the L42 model, which is associated with tro-
pospheric subtropical jet modulation (Fig. 11f). These
results indicate that both the stratospheric vertical res-
olution and the inclusion of the upper stratosphere and
mesosphere can affect representations of tropospheric
phenomena, including the precipitation distribution.
More specifically, stratospheric vertical resolution is
more important than including the mesosphere as shown
by the L42 — L72 versus L72 — L168 comparison.

Next, we investigate the effects of stratospheric ver-
tical resolution on the representation of zonal wind in
more detail by comparing L42 with L72. As shown in
Fig. 11d, there is a mean easterly bias in L42 relative to
L72 in the equatorial stratosphere presumably associ-
ated with the absence of a QBO in the L42 version.
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Holton and Tan (1980) indicate that the stratospheric
polar night jet becomes weaker when the QBO is in its
easterly phase as extratropical quasi-stationary planetary
waves cannot penetrate into the equatorial easterly and
are thus more confined to higher latitudes, leading to
larger westward wave forcing and a weaker polar night jet.

However, the 142 polar night jet to the north of 60°N
is clearly stronger than in the L72 simulation (Fig. 11d),
suggesting that the presence or absence of the QBO
cannot explain the polar night jet differences in this way;
the vertical resolution appears to directly influence the
internal dynamics of the polar night jet.

As a test of this issue, the L72 experiment was re-
peated with a “nudging” of the zonal-mean zonal wind
in the tropical stratosphere designed to keep the L72
equatorial winds close to those in the L42 experiment
(i.e., to exclude the presence of the QBO in the L72
simulation). Specifically, following Akiyoshi et al.
(2009) and Yamashita et al. (2011), the equations in the
model were modified by including with an extra mo-
mentum relaxation term so that

arlat = =7 (i = Ty, (1)

1
7, =~ exp[-(M2) — k-2 2g]. (@)

Here, u is the L72 zonal-mean zonal wind and %uggc is
the L42 climatological annual cycle of monthly mean
zonal wind in the equatorial stratosphere. Nudging is
performed from 20°N to 20°S and 76 to 4 hPa. The value
of 7is set to 5 days; y;, = 10°, zo = 27km, and z;, = 8km,
where y and z are latitude and altitude, respectively. The
integration of the nudging experiment was 100 years.

Figure 14a shows latitude—height cross sections of the
L42 — L72 zonal-mean zonal wind differences (same as
Fig. 11d); Fig. 14b shows the L42 results minus the L.72
results with the nudging toward the L42 equatorial zonal
wind climatology (referred to as “L72nL42”); Fig. 14c
shows the L72n1.42 — L72 differences. The zonal wind
differences are nearly zero over the stratospheric
equatorial regions for 142 — L.72nL42 (Fig. 14b), which
shows that the nudging largely succeeds in keeping the
mean wind close to the L42 climatology, although there
are some large L72nL42 — L72 mean zonal wind dif-
ferences just outside the nudging region.

The extratropical zonal wind anomalies in [42 —
L72nL42 (Fig. 14b) are similar in structure to those in
L42 — L72 (Fig. 14a). On the other hand, the only sig-
nificant differences in the L72nL.42 — L72 fields are in the
equatorial region, with virtually no impact at the high
latitudes (Fig. 14c). This result supports the conclusion
that it is the higher vertical resolution in L72 that directly
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improves the climatological polar night jet structure (i.e.,
equatorward shift and meridional widening of the polar
night jet core) and not the presence of the QBO.

6. Effects of a well-resolved stratosphere in
other seasons

Up to this point we have focused on phenomena during
boreal winter (i.e., DJF). In this section we describe more
briefly the impacts of enhanced stratospheric represen-
tation on the simulated climate in other seasons.

We begin by presenting some metrics of how well
the simulated zonal-mean climatology agrees with the
ERA-I (1979-98 mean; see Figs. 2 and 3) in the various
model versions considered. Figure 15 shows the root-
mean-square errors (RMSEs) of zonal-mean tempera-
ture and zonal wind versus ERA-I for the L.168, L72,
L42, and L34 models for DJF, March-May (MAM),
June-August (JJA), and September-November (SON).
RMSE:s are area and mass weighted. Values are shown
for the full globe with vertical averages from 1000 to
85hPa (the top of L34 without sponge layers) and also
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from 70 to 10hPa. Also presented in the figure are the
RMSE:s calculated over just the polar cap regions taken
here as 60°-90°N and 60°-90°S.

Global RMSEs of temperature from 1000 to 85hPa
(Fig. 15a) show similar values among 142, 1.72, and L168
but are larger for L34 in all seasons. As shown in Fig. 2f,
there are relatively large cold biases at 85-300 hPa in the
high-latitude NH and SH during DJF, resulting from
weaker BDC downwelling (Fig. 5b). Similar cold biases
are found in NH and SH for MAM, and in SH for JJA
and SON (not shown), which result in larger RMSEs in
the L34 relative to other model configurations (Figs. 15¢,i).

Global RMSEs of zonal-mean zonal wind from 1000
to 85hPa are quite small (less than 2ms™ ') in each
model configuration (Fig. 15b). RMSEs of zonal wind in
the L34 depend strongly on season (smallest in DJF and
SON, largest in MAM). In DJF, the westerly biases
around the subtropical jet are found in the L42, .72, and
L168 but they are small in the L34 (Fig. 3). The area of
large westerly bias elongates toward the tropical
stratosphere around 30-50hPa which is indicative of a
tropical stratospheric long-term mean zonal wind bias in
the MIROC model. On the other hand, westerly biases
around 200-85hPa and 60°-80°N are seen only in the
L34 associated with cold polar temperature biases (see
Figs. 2f, 3f for DJF case). In the polar caps, RMSEs are
obviously largest in the L34 model during DJF and
MAM for the NH and during MAM and SON in the SH
(Figs. 15£.j).

Turning to the stratosphere now, the RMSEs of
temperature from 70 to 10 hPa averaged over the globe
are always smaller in L168 than in the L42 or L72 results
(Fig. 15¢c). In the DJF and JJA seasons, much larger
RMSEs are found in winter polar cap (60°-90°N for DJF
and 60°-90°S for JJA), and values in L168 are much
smaller than in L42 or L72 (Figs. 15g,k). Most of these
RMSE:s can be attributed to the cold biases in the polar
stratosphere, and as we saw earlier, the polar biases are
reduced by including the full stratosphere and meso-
sphere with higher vertical resolution. In SON, RMSEs
in the polar caps are larger in the SH than in the NH,
while they are not very different between the NH and
SH in MAM.

RMSE:s of zonal-mean zonal wind from 70 to 10 hPa
averaged over the globe are smaller in L168 than in the
L42 or L72 except in SON (Fig. 15d). In both DJF and
JJA, the RMSEs computed over the winter polar caps
indicate successive improvement in the simulations at
L42, 172, and L168 (Figs. 15h,]).

Figure 16 is a Taylor diagram summarizing metrics of
the biases in the simulated seasonal zonal-mean clima-
tological temperature and zonal wind when compared
with the ERA-I result as reference. Results are presented
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for the four model configurations with the metrics cal-
culated over the same domains as used in Fig. 15. The
standard deviation in each case is normalized by the
ERA-I value and the correlation is plotted as the cosine
of the angle from the horizontal axis. Note that the dis-
tances between the reference point (ERA-I; black circle
in Fig. 16) and each model correspond to the centered
RMS difference (i.e., biases of the mean fields are sub-
tracted, in contrast to the RMSEs quoted in Fig. 15 which
include the mean biases over the whole height-latitude
region considered in each case).

The spatial correlations of the full globe average
(Figs. 16a—d) are all quite large and the model standard
deviations are close to that of ERA-I over the height—
latitude plane, so the points in the Taylor diagram for the
model all cluster very close to the observed reference

point. In contrast, the diagrams for the polar caps show
some scatter.

At 1000-85hPa in the polar caps, the metrics of zonal
wind simulated climatology in L34 are much worse
compared with 142, L'72, and L168 during DJF and
MAM in the NH, when the RMSEs are also large
(Fig. 15f), suggesting that models including a stratosphere
could improve representation of the zonal-mean zonal
wind at 1000-85hPa. The RMSE values and Taylor dia-
grams for SLP and 850-hPa geopotential height in polar
caps also show better agreement to ERA-I in L42, L'72,
and L168 than in L34 (not shown). RMSE differences
also reveal that the simulated precipitation climatology is
closer to observations in 1L.42, .72, and L168 than in L34
(not shown). Note, however, that all these metrics of the
quality of the model simulation will depend significantly
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on the parameterizations of moist convection, surface
drag, and topographic gravity wave effects.

In the NH polar cap at 70-10 hPa (Figs. 16g,h), metrics
of both zonal-mean temperature and zonal wind fields
are improved successively in 142, L72, and L168, espe-
cially during winter. The lowest correlation of zonal
wind is found in MAM (~0.25 for L42) when simulated
westerlies in the polar stratosphere are much larger than
in ERA-I (not shown), possibly resulting from a bias in
the timing of final stratospheric warmings in the simu-
lations. However, this deficiency is improved succes-
sively in 142, .72, and 1168 (L168 correlation is ~0.72).
In the SH polar cap (Figs. 16k,l), scores do not scatter
among models/seasons as much as in the NH, but im-
provement in the simulated climatology by using more

vertical levels is also apparent, especially in JJA tem-
perature. Overall the metrics presented in Figs. 15 and
16 support our contention that including a well-resolved
stratosphere generally improves the zonal-mean tem-
perature and zonal wind fields in all seasons.

We now examine the spatial distributions of zonal-
mean temperature, zonal wind, and residual-mean ver-
tical velocity differences for L34 — L42 during MAM,
JJA, and SON (Fig. 17). Structures of temperature dif-
ferences in MAM, JJA, and SON are similar to those in
DJF (Fig. 4a), showing warmer temperatures at lower
latitudes in the L34 version compared with 142, and
colder temperatures at higher latitudes above ~300 hPa.

The zonal-mean zonal wind differences also show
similar distributions among seasons with statistically
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L34 — 142. Solid contour lines show L34 climatological variables. The dashed lines in (a)—(c) show tropopause heights for L34 (purple)
and L42 (green). The L34 tropical tropopause by the World Meteorological Organization definition is not clear at 70°-90°S in JTA

and SON.

significant westerly anomalies extending from the weaker downwelling in the L34 version (see Fig. 5b for
lower stratosphere to the surface in high latitudes. DIJF). Note that the BDC in higher-latitudes lower
Positive anomalies of the residual vertical velocity stratosphere shows downwelling in all seasons and
are also found in higher latitudes, corresponding to hemispheres and the seasonal and interhemispheric
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differences are less pronounced than in the middle and
upper stratosphere (see Fig. 5 in Butchart 2014).
Therefore differences of the residual vertical velocity
between L34 and L42 may not have a pronounced
seasonal and interhemispheric dependence. As a
consequence the pattern of wind and temperature
biases seen in the L34 minus L42 differences in tem-
perature and zonal wind are somewhat similar among
seasons.

We have also investigated for the other seasons the
differences in latitude—height cross sections of zonal-
mean eddy meridional flux of zonal momentum and heat
flux, 850-hPa zonal wind, and eddy heat flux and SAT,
SLP, and precipitation (corresponding to Figs. 6-8).
They are all qualitatively similar to those in DJF, al-
though some quantitative differences are found among
seasons (not shown). Overall the schematic illustration
of Fig. 10 in DJF could apply to the both hemispheres for
all seasons.

The same differences, but for .42 — 1.168, are shown
in Fig. 18 (see Figs. 11cf,i for DJF). In JJA (center
panels), colder temperatures are found in the SH polar
stratosphere at 142 and warmer temperatures are seen
in the NH, where residual vertical velocity anomalies
are positive and negative, respectively. These difference
patterns in stratospheric higher latitudes are similar, but
of opposite sign, to those in DJF. Westerly anomalies on
the polar side and easterly anomalies in the equatorward
side of the polar night jet are also similar to those in DJF.
In MAM and SON, cold temperature anomalies and
westerly anomalies in the stratospheric polar regions are
seen in both the NH and the SH, associated with positive
residual vertical velocity anomalies (although NH pos-
itive anomalies we computed in MAM are not statisti-
cally significant).

7. Summary and concluding remarks

This paper reports on an investigation of the effects
of including a well-resolved stratosphere (and meso-
sphere) in the global atmospheric MIROC-AGCM cli-
mate model. The analysis focused primarily on the NH
winter circulation, including the SLP and precipitation
fields. The investigation examined the modeled climate
from four different configurations with model tops at
~27km (L34), 47km (L42), 47km (L72), and 100km
(L168). The four configurations had identical horizontal
resolution (T106) and identical vertical-level structures
in the troposphere (more precisely up to ~90hPa), as
well as identical physical subgrid-scale parameteriza-
tions. Each model configuration was run for 100 years
in simulations with annually repeating prescribed SSTs
and ozone concentrations.
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Overall the circulation in the L168 model is most re-
alistic and successive degradations of the vertical grid to
the L72, L42, and L34 configurations result in pro-
gressively less realistic simulations. In the tropical
stratosphere the dependence on vertical resolution is
shown most dramatically with the 1168 and L.72 versions
simulating a fairly realistic QBO, while the 142 version
had weak easterly zonal winds at most heights with al-
most no interannual variability. This strong dependence
of the simulated tropical stratospheric mean winds on
the vertical resolution is familiar from other global
models (e.g., Hamilton et al. 1999) and likely results
from the contributions of rather short vertical-scale
waves to the QBO.

The L42 — L72 comparison illustrates the impact of
vertical resolution in the stratosphere. The differences
in EP flux divergence show a layered structure in both
the NH and SH extratropics between 120 and 60 hPa, a
region where an abrupt vertical-resolution change oc-
curs in the L42 but there is constant level spacing in the
L72 model (Fig. 1). This underlines the importance of
constant, or slowly varying, vertical-level spacing in
climate models to avoid artificial discontinuities in rep-
resentation of waves and wave-mean flow interaction
processes.

In the NH winter stratosphere even the T106L168
model displays a cold-pole bias relative to observations,
but successive degradations of the vertical-level struc-
ture to L72, L42, and L34 led to a worsening cold pole
bias. As the cold pole bias becomes more severe, the
simulated polar night jet becomes stronger and less re-
alistic. The magnitude of the winter cold pole bias is
negatively correlated with the strength of the simulated
mean downwelling—and adiabatic heating—at high
latitudes. The analysis indicates that a lower model top
and reduced vertical resolution in the stratosphere both
lead to suppression of the BDC and so to stratospheric
winter polar temperatures that are closer to radiative
equilibrium.

The effects of the reduced polar downwelling in de-
graded vertical grid configurations extend into the tro-
posphere and affect even the circulation at the surface.
The sense of this is that the stronger mean westerlies in
the lower stratosphere in simulations with a poorly re-
solved stratosphere (L34) are connected with tropo-
spheric circulations with a more positive AO phase.
This confirms the results from previous studies that
have indicated that low-top models simulate lower
polar SLP than do high-top models (e.g., Sassi et al.
2010). The present study extends this result to describe
how the stratosphere affects surface temperature and
precipitation distributions in association with these
changes in SLP and zonal winds.
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FI1G. 18. As in Fig. 17, but for L42 — L168. Solid contour lines show L42 climatological variables. The dashed lines in (a)—(c) show
tropopause heights for L42 (green) and L168 (red), which are nearly identical.

In the present paper we have mainly discussed the importance than the inclusion of a mesosphere (L72 —
DJF mean, but climatology differences of the zonal L168)when considering the impact on the troposphere.
wind, temperature, and residual vertical velocity in Note the overall connection between stratospheric
L34 — L42 are qualitatively similar among the seasons.  vortex strength and tropospheric AO anomalies in-

We also explicitly demonstrated that the vertical troduced by degrading the stratospheric represen-
resolution in the stratosphere (L42 — L72) is of greater  tation is also characteristic of the observed NH natural
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variability over a wide range of time scales (Kidston
et al. 2015).

We should note here that even a low-top model can
simulate a realistic strength of the polar night jet
through the addition of artificial zonal forcing (e.g.,
Rayleigh friction) applied to the zonal-mean compo-
nents of the circulation or by including an appropriately
tuned parameterization of the effects of nonstationary
subgrid-scale gravity waves. Such approaches have lim-
itations when applied to climate change studies as there
may be no convincing way to adjust the extra forcing
(e.g., Rayleigh friction coefficient or wave sources in a
gravity wave parameterization) to account for the
changed climate. This is a concern as the stratospheric
BDC is expected to change significantly as part of the
global warming response of the atmosphere to increased
greenhouse gas forcing (e.g., Kawatani and Hamilton
2013; Butchart 2014). The present study investigated the
effects of the representation of the stratosphere in global
models formulated without imposing additional angular
momentum sources.

Modifications of tropospheric circulation associated
with ocean—atmosphere coupling processes were not
represented in the present experiments. It would be in-
teresting to perform similar high-top and low-top ex-
periments using coupled atmosphere-ocean global
models to investigate ocean—troposphere—stratosphere—
mesosphere coupling. This remains a subject for future
investigation. In the same vein the present study used
prescribed ozone concentrations and so ignored an im-
portant coupling between dynamics and stratospheric
chemistry. It may be interesting to repeat our experi-
ments with a coupled dynamics—chemistry model.

Here we have used the results of our systematic ex-
periments to document the limitations introduced by
inadequate resolution of the stratosphere in global at-
mospheric models. This sensitivity study has shown that
improved stratospheric representation in MIROC-
AGCM reduces the prominent AO+-type biases ex-
tending down to the lower troposphere seen in our
MIROC simulations in a very low-top model configu-
ration (i.e., L.34). Thus, we can expect that for models
that display an AO+-type bias in the troposphere the
basic simulation may be improved by inclusion of a more
complete representation of the stratosphere. Our re-
sults, as well as those in earlier studies (e.g., Scaife et al.
2012), show that stratosphere-troposphere interactions
are important and an accurate and physically correct
simulation of surface climate requires a well-resolved
stratosphere, so the value of this kind of study is to
provide a road map for objective evaluation of the im-
pact of this improvement in the context of model
optimization.
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