Ann. Geophys., 26, 1299326 2008 ~ "*
www.ann-geophys.net/26/1299/2008/ G Ann_ales
© European Geosciences Union 2008 Geophysicae

Long-term variations and trends in the simulation of the middle
atmosphere 1980-2004 by the chemistry-climate model of the
Meteorological Research Institute

K. Shibata and M. Deushi
Meteorological Research Institute, Tsukuba, Ibaraki 305-0052, Japan

Received: 11 May 2007 — Revised: 7 April 2008 — Accepted: 29 April 2008 — Published: 28 May 2008

Abstract. A middle-atmosphere simulation of the past second maxima of temperature and ozone in the lower strato-
25 years (from 1980 to 2004) has been performed withsphere, demonstrating that the dynamic effect outweighs the
a chemistry-climate model (CCM) of the Meteorological photochemical effect there. The ENSO signals of annual
Research Institute (MRI) under observed forcings of seaimean temperature, zonal wind, and ozone are generally re-
surface temperature, greenhouse gases, halogens, volcagmduced in the troposphere and below the middle strato-
aerosols, and solar irradiance variations. The dynamics modsphere. The volcanic signals of temperature increase and
ule of MRI-CCM is a spectral global model truncated trian- ozone decrease are much overestimated for both El Ghich
gularly at a maximum wavenumber of 42 with 68 layers ex- and Mount Pinatubo.

tending from the surface to 0.01 hPa (about 80 km), Where"keywords. Atmospheric composition and structure (Mid-

the vertical spacing is 500m from 100 to 10hPa. The I :

i . . dle atmosphere — composition and chemistry) — Meteorol-
chemistry-transport module treats 51 species with 124 reac- ; . . L
: : . : ogy and atmospheric dynamics (General circulation; Middle
tions including heterogeneous reactions. Transport of chem- .
. o ; ; ) atmosphere dynamics)
ical species is based on a hybrid semi-Lagrangian scheme,
which is a flux form in the vertical direction and an ordi-
nary semi-Lagrangian form in the horizontal direction. The
MRI-CCM used in this study reproduced a quasi-biennial 0s-1  |ntroduction

cillation (QBO) of about a 20-month period for wind and

ozone in the equatorial stratosphere. Multiple linear regreshe stratospheric ozone has decreased since the late 1970s
sion analysis with time lags for volcanic aerosols was per-pecause of the increase in the reactive chlorine produced
formed on the zonal-mean quantities of the simulated resulfrom photodissociation of man-made chlorofluorocarbons
to separate the trend, the QBO, the El Clistand Mount  (CECs) and halons under strong ultraviolet (UV) radiation
Pinatubo, the 11-year solar cycle, and the HEiddBouthern i the stratosphere. When the stratospheric temperature is
Oscillation (ENSO) signals. It is found that MRI-CCM can very low and less than certain critical values (about 187 K
more or less realistically reproduce observed trends of annuadnd 195 K) during winter to spring, polar stratospheric clouds
mean temperature and ozone, and those of total ozone in eagbsCs) appear, on the surfaces of which heterogeneous reac-
month. MRI-CCM also reproduced the vertical multi-cell tions proceed, leading to the alteration of normal gas-phase
structures of tropical temperature, zonal-wind, and ozone aSpartitioning of odd nitrogen (N@, odd chlorine (CIQ), and
sociated with the QBO, and the mid-latitude total ozone QBOOdd bromine (BrQ) The heterogeneous reactior]S, for ex-

in each winter hemisphere. Solar irradiance variations of thehmple, convert reservoir species such as HCl and CI9NO
11-year cycle were found to affect radiation alone (not pho-jnto active species such as,@ind hence enable catalytic cy-
todissociation) because of an error in making the photolysisles involving reactive nitrogen, chlorine, and bromine, i.e.
lookup table. Nevertheless, though the heights of the maxNo,, ClOy, and BrQ, to efficiently destroy ozone. The most
imum temperature (ozone) in the tropics are much highefyrominent phenomenon associated with the combined effect
(lower) than observations, MRI-CCM could reproduce the of the halogen increase and PSCs is the Antarctic ozone hole
(Chubachi, 1984; Farman et al., 1985) defined as the area of
Correspondence tK. Shibata total ozone of less than 220 Dobson Units (DU). The ozone
(kshibata@mri-jma.go.jp) hole developed almost every year from the early 1980s to
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the middle 1990s. Since then it has nearly saturated at verg004). Indeed, the 11-year solar-cycle effect on the upper
severe levels with small interannual variations except for astratosphere is readily understood as a direct result of the UV
few years, when planetary waves propagating from the trodrradiance changes (e.g. Brasseur, 1993), but the mechanism
posphere are unusually active. A similar severe ozone holef its effect on the middle and lower stratosphere is not neces-
is expected to continue to appear up to about 2020 (Newsarily well clarified. For example, Kodera and Kuroda (2002)
man et al., 2006), even though the equivalent effective stratodemonstrated that the Brewer-Dobson circulation is weak-
spheric chlorine (EESC) decreases after reaching a maxiened during the solar maximum through the wave-mean flow
mum value around 1998 (e.g. Randel and Wu, 2007) unlesgteraction in the subtropical upper stratosphere of the win-
the dynamic perturbation (wave activity) is unusually strong ter hemisphere, which induces warming and ozone increase
(e.g. Newman et al., 2004). This is because the decreas@ the tropical lower stratosphere. However, this mechanism
rate of the equivalent effective Antarctic stratospheric chlo-cannot explain the observed minimum signals of temperature
rine (EEASC) is expected to be very small up to about 2020,and ozone in the tropical middle stratosphere.
after which EEASC will diminish rather quickly (Newman Huge volcanic eruptions eject large amounts o, %as
et al., 2006). Similarly, severe ozone depletion occurs in thento the stratosphere, and the S@as eventually condenses
northern polar region if the winter stratospheric temperatureinto volcanic sulfate aerosols through gas-to-particle conver-
is cold enough to form PSCs though not as frequently as irsion. Volcanic aerosols produce large perturbations in het-
the Southern Hemisphere (e.g. Rex et al., 2006). erogeneous reactions on the aerosol surface as well as in ra-
The increase in the well-mixed greenhouse gases (GHGs)iative heating, and thereby heavily disturb the stratospheric
such as CQ CHy, and NO due to human activities chemistry and dynamics. Giant volcanic eruptions are spo-
increases the net downward terrestrial radiation at theradic but occasionally occur, at least a few times a century
tropopause, and this radiative perturbation warms the tro{e.g. Siebert and Simkin, 2002), and the volcanic aerosols
posphere and continent/ocean as global warming, and sifrom one eruption remain in the stratosphere for up to sev-
multaneously cools the stratosphere. Both stratospherieral years depending on its magnitude (Deshler et al., 2006),
cooling and tropospheric warming can crucially impact theinducing crucial variations in ozone and temperature in the
stratospheric circulation because the tropospheric circulastratosphere. For example, after the Mount Pinatubo erup-
tion change affects the generation of planetary and/or gravitytion in June 1991, the largest eruption in the 20th century,
waves, which changes the divergence of the waves proparecord low values (two standard deviations below a normal
gating from below and, in turn, the mean meridional circu- value, i.e.—20¢) of global (65 S to 65 N) total ozone (e.g.
lation (e.g. Sigmond et al., 2004; Butchart et al., 2006) in Gleason et al., 1993) and anomalously warm £¥3%onal
the stratosphere through downward control (Haynes et al.mean temperature in the middle stratosphere (e.g. Labitzke
1991). Ozone, a non-well-mixed GHG, also contributes toand McCormick, 1992) were observed.
global warming through terrestrial radiation if it increases in ~ Chemical transport models (CTMs) and chemistry-climate
the troposphere (Lacis et al., 1990). In contrast, a stratomodels (CCMs) are very useful for investigating strato-
spheric ozone increase locally warms the stratosphere and sspheric ozone or other constituent changes, albeit having
multaneously suppresses global warming in the tropospherdifferent frameworks, because ozone and other constituents
through solar radiation. Conversely, a stratospheric ozonare prognostic variables in these models. CTMs are forced
decrease induces cooling in the stratosphere as demonstratbgl observed or general circulation model (GCM)-generated
in both polar regions (e.g. Randel and Wu, 1999). A changemeteorological fields without feedback between chemistry
in the lower stratospheric#D also affects the local radiative and dynamics through radiation, while CCMs use GCM-
balance and is a possible contributor to stratospheric coolingienerated meteorological fields with feedback. So far, time-
(e.g. Forster and Shine, 1997). As a result, the variations irslice or time-varying simulations have been made with CTMs
well-mixed and non-well-mixed GHGs force the stratospherefocusing on the stratospheric ozone (e.g. Chipperfield, 1999;
to change directly through radiation and indirectly through Hadjinicolaou et al., 2005; Stolarski et al., 2006) or with
dynamics driven by the waves propagating from the tropo-CCMs (e.g. Austin et al., 2003; Dameris et al, 2005; Tian and
sphere. Chipperfield, 2005; Austin and Wilson, 2006; Garcia et al.,
Solar irradiance variations affect the stratosphere as wel2007). CCMs of the stratosphere cover a wide range of inte-
as the troposphere. The 1l-year solar cycle is the mosgration periods with different complexities in the modules of
prominent cycle giving rise to large impacts on the strato-chemistry and dynamics, and hence Austin et al. (2003) eval-
spheric temperature (e.g. Scaife et al., 2000) and ozone (e.gated uncertainties and assessments of seven CCMs and one
McCormack and Hood, 1996) through substantial irradianceGCM using parameterized chemistry, with a particular focus
variations of several percent at UV wavelengths. Thoughon polar ozone. Following this, Eyring et al. (2006) made a
the total solar irradiance variations of the 11-year solar cy-similar intercomparison of thirteen CCMs’ simulations, in-
cle are at most 0.1% (e.g. Lean et al., 1997), its signal cartluding the result of the Meteorological Research Institute
be detected from the upper stratosphere down to the surfac@RI), for the recent past over two decades or more under the
in the observed geopotential data (e.g. Coughlin and Tungspecification of a common scenario of reference 1 (REF1) of
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Chemistry-Climate Model Validation Activity (CCMVal) for tercomparison of CCMs (Eyring et al., 2006) except for the
SPARC (Eyring et al., 2005). The REF1 scenario includestransport scheme of chemical constituents.

nearly all the observed forcings such as sea-surface tempera- MRI-CCM adopts a hybrid semi-Lagrangian transport
ture (SST), sea ice, well-mixed GHGs, halogens, solar cyclescheme, which is compatibly solved with the continuity
and volcanic aerosols. equation and has different forms for horizontal and vertical

This study describes long-term variations and trends thaglirections (Shibata et al., 2005). The horizontal form is an
appeared in the REF1 simulation from 1980 to 2004 by theordinary semi-Lagrangian scheme, while the vertical form
chemistry-climate model of the Meteorological Research In-iS equivalent to a mass-conserving flux form in transformed
stitute (MRI-CCM), with different aspects from the analy- Pressure coordinates specified by the vertical velocity. How-
sis of Eyring et al. (2006). The simulation data used in thisever, the hybrid semi-Lagrangian transport scheme describes
study is based on a new REF1 simulation, which differs fromonly the general formulation without specifying how to cal-
the data used in the intercomparison (Eyring et al., 2006)culate abundances at horizontal departure points in the trans-
because the transport scheme for chemical constituents wd@rmed vertical coordinates. The previous scheme (Cubic3)
thoroughly updated to decrease model biases in chemistry/Ses a cubic interpolation of neighboring abundances in the
after the data had been submitted for the intercomparisonhorizontal direction and also uses it for overhead column
Multiple linear regression analysis was applied to the tem-abundances in the vertical direction (Shibata et al., 2005).
perature, zonal wind, and ozone to objectively separate thés new PRM5 scheme is developed for the Cubic3 scheme
trend, the QBO, the El Chiém and Mount Pinatubo, the 11- by improving both vertical and horizontal procedures to sim-
year solar cycle, and El Ro/Southern Oscillation (ENSO) ulate better distributions of chemical constituents. The verti-

signals, and the simulation and observations were compare@@! procedure employs the piecewise rational method (PRM)
for each signal. (Xiao and Peng, 2004), and the horizontal procedure uses a

quintic interpolation. PRM, which uses an analytically in-
tegrable rational function in reconstructing in-cell profiles
from cell-averaged values, exhibits better performance for

2 CCM simulation sharp gradient profiles than the piecewise parabolic method
(PPM) (Colella and Woodward, 1984) using a parabolic
2.1 Model function. This improvement of the transport scheme led to

substantial improvements of decreasing ozone positive bi-
The dynamics module of the MRI-CCM is based on an MJ98ases, particularly in the tropical upper troposphere and lower
GCM with an eta-ordinate (Shibata et al., 1999). To re- stratosphere (not shown) and of the tape-recorder effect of
produce the quasi-biennial oscillation (QBO) in the tropical water vapor in the tropical stratosphere (Mote et al., 1996).
stratosphere, the non-orographic gravity wave drag (GWD)Details of the PRM5 scheme and its impacts on the chemistry
scheme of Hines (1997) is incorporated with an enhancedind dynamics are described by Shibata et al. (2008)
gravity wave source over the tropics, instead of Rayleigh
friction. In addition, the biharmonic horizontal diffusion 2.2 Simulation setup

is weakened only in the middle atmosphere, where the e- ) .
folding time at the maximum wavenumber 42 is set at 150 h,A CCM integration is performed under the CCMVal REF1

which is slightly less than the previous value of 180 h (Shi- Scenario (Eyring et al., 2005), in which both natural and an-

bata and Deushi, 2005a). The chemistry-transport module i£ropogenic forcings of SST, sea ice, greenhouse gases, halo-
taken from the stratospheric one of the MJ98 CTM (Shibata9®Ns: the 11-year solar cycle, and volcanic aerosols are given

et al., 2005) with HF-related species and reactions incorpodaily through interpolation from monthly mean values. The

rated, resulting in 36 long-lived and 15 short-lived SpeCiesintegration period covers November 1979 to December 2004,

with 80 gas phase reactions, and 35 photodissociations, siRrior to which a spin-up integration was made for about 10
heterogeneous reactions on PSCs and three heterogened(R2'S using 1970 conditions followed by transient conditions
reactions on sulfate aerosols. It should be noted that th&P to November 1979. The general conditions of the REF1
chemistry module covers the whole model domain, but doe'® described in Eyring et al. (2005) and references therein,
not include detailed processes for tropospheric chemistry.so specific treatments of the forcings are.descrlbed here.
Radiatively active gases providing feedback from chemistry The SSTs taken from the UK Met Office Hadley Centre.
to dynamics are § CHa, and NbO. MRI-CCM employs the data (HadISST1) (Rayner et al., 2003) are corrected to retain
spectral-transform method using triangular truncation at thd€mporal variability even when interpolated from monthly to
maximum wavenumber 42 (T42) with a horizontal resolu- daily values, similarly to those in the Atmospheric Model
tion of 2.8 by 2.8 degrges in longitude-latitude space and has 1gphipata, K., Deushi, M., and Yoshimura, H.: Impacts of the
68 layers (L68) extending from the surface to the mesopausgiecewise rational method in advection transport scheme on the
(~0.01 hPa) with 500 m vertical spacing from 100 to 10 hPa.distribution of chemical constituents as revealed by a chemistry-
This T42L68 CCM is the same as the one used in the in-climate model, in preparation, 2008.

www.ann-geophys.net/26/1299/2008/ Ann. Geophys., 26, 12385-2008
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Fig. 1a. Latitude-pressure cross sections of 10-year averages of the seasonal- and zonal-mean zonal wind for the simulation (upper) and

ERA40 (lower) during the 1990s (from 1990 to 1999). Left panel is for December to February, and right panel for June to August. Contour
intervals are 10 m/s.

Intercomparison Project (AMIP) Il (Taylor et al., 2000). heating calculation were made as in Sekiyama et al. (2006).
The concentrations of well-mixed GHGs (gOCH,, and After the simulation of the entire period, however, an error
N2O) based on the Intergovernmental Panel on Climatewas found in a program processing a lookup table for each
Change (IPCC) (2001) and those of halogens ¢CCFCl, month, resulting in lookup tables not being varied tempo-
CRCly, CH3Cl, CH3Br, CRCIBr, and CRBr) derived from  rally. Thus, the effect of the 11-year solar cycle is included
the World Meteorological Organization (WMO)/United Na- only through the radiative heating. Volcanic aerosols are
tions Environment Programme (UNEP) (2003) and theirtaken into account from the zonal-mean stratospheric aerosol
extended data through 2004 are specified at the surfaceptical depth at 0.5am and effective radius based on Sato
In addition, the abundances of GCICFCk, CR_Cly, et al. (1993) and their extended datatg://data.giss.nasa.
and CHCI are multiplied by a factoro) each month, gov/modelforce/stratagrand from the surface-area densities
a=(CCl)/(4(CCl)+3(CFChR)+2(CRCl2)+(CH3Cl)), as in  (SADs) of sulfate aerosols, similar to those used by Jackman
Shibata et al. (2005) to represent the abundance of total chloet al. (1996) and updated by D. B. Considine (NASA Lang-
rine atoms (CGJ) in organic chlorine compounds, which ley Research Center) (Eyring et al., 2006). The integration
includes other chlorine-bearing species such agQCH;, period included two giant volcanic eruptions, El Chich
CH3CCls, and CHECI in the real atmosphere. This factor (7.4° N, 93.2 W) in March/April 1982 and Mount Pinatubo

is approximately 1.3, though it varies with the date. The (15.°N, 120.4 E) in June 1991.

11-year solar cycle is given as irradiance data of 1nm spec-

tral resolution, from which a lookup table for photodissocia-

tion and solar fluxes of coarser spectral intervals for radiative

Ann. Geophys., 26, 1299326 2008 www.ann-geophys.net/26/1299/2008/
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Fig. 1b. Same as in Fig. 1a but for temperature and contour intervals of 10 K.

3 Climatology During the northern winter (December to February) the
subtropical jet is well reproduced, compared to observations
(ERA-40), with respect to the core strength and extent in
] ) ] ] both hemispheres except for a deeper westerly wind region
Climatological _flelds of the simulated seasonal- and zonal, the tropical upper troposphere, accompanied by a stronger
mean zonal wind and temperature for the 1990s (10 yeargquatorward extension of the westerly wind. Instead, the
from 1990 to 1999) are illustrated in Fig. 1, together with the yorthward extension of the subtropical jet is underestimated
reanalysis data of ERA-40 (Uppala et al., 2005). Even when, o nd 60 N. In the northern stratosphere, the separation be-
ozone and other radiatively active gases are treated interagyeen the subtropical jet and the polar night jet is not well
tively, the overall features of observed wind and tempera-gimy|ated, as revealed from the significantly stronger wind
ture (e.g. ERA-40; CIRA-86 (Fleming et al., 1990)) are more ihan ohserved (see the contour of 20 m/s) in the col between

or less realistically reproduced to similar extents as those ifphe two jets, arising from a cold bias in the polar lower strato-

most middle atmospheric GCMs (Pawson et al., 2000). Itgphere. In contrast, the polar upper stratosphere has a warm
should be noted that ERA-40 represents modeled data abmﬁas, resulting in a much weaker polar night jet having a

the upper stratosphere, not necessarily observed data. In th§ghter equatorward tilt with altitude than observed. This
following, climatological fields are described only around the \;nqerestimated polar night jet stems from stronger wave ac-

solstice seasons (December to February and June to Augusf)ities, which are initiated by stronger GWD and amplified

because the degrees of agreement and disagreement with ofyough the wave-mean flow interaction, inducing overesti-

servations are of similar magnitudes between the solstice segnated poleward ozone transport as described later. The east-

IS\IO”S ar;)d (§quinox seasons (March to May and September i@y wind in the northern high-latitude mesosphere is due
ovember).

3.1 Wind and temperature

www.ann-geophys.net/26/1299/2008/ Ann. Geophys., 26, 12585-2008
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Fig. 2. Evolution of the deseasonalized zonal-mean zonal wind averaged beti8em8 5 N from 100 to 1 hPa for the simulation (upper)
and observation (ERA-40) (lower). Color shading is the same for both panels, but the contour interval is 5 m/s for the simulation and 10 m/s
for the observation. Arrows represent the eruption dates of El Ghielnd Mount Pinatubo.

solely to GWD, yielding a clear equatorward tilt of the po- and the separation from the subtropical jetis less clear than in
lar night jet above the stratopause. Coincident with the pootthe observations. There appears to be a mesospheric easterly
separation of the two jets in the winter hemisphere, there apwind in southern high latitudes, similar to that during De-
pears to be an upward extension of the subtropical jet in theeember to February in northern high latitudes, but the former
summer hemisphere, leading to an upward shift of the zeromagnitude is twice (60 m/s) as large as the latter, reflecting
wind altitude in southern high latitudes. the difference in the vertical wind profiles below the mid-
dle mesosphere. The summer subtropical jet in the Northern
During the southern winter (June to August), the southernHemisphere is well simulated with the zero-wind line being
subtropical jet has stronger equatorward and weaker poleaimost at the observed altitude, in contrast to that during De-

ward extension, similar to the northern subtropical jet duringcember to February in the Southern Hemisphere.
the northern winter. The polar night jet is more or less real-

istically reproduced above the middle stratosphere due to the
weak wave activities in the Southern Hemisphere, whereas
it is overestimated with a cold bias in the lower stratosphere

Ann. Geophys., 26, 1299326 2008 www.ann-geophys.net/26/1299/2008/
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Fig. 3. Same as in Fig. 2 except for the deseasonalized zonal-mean ozone of the simulation (upper) and observation (HALOE) (lower).
Contour interval is 0.2 ppmv.

3.2 QBO This shortening of the QBO period can be ascribed to the
decrease of the solar heating feedback of ozone because the
Figures 2 and 3 depict the equatoriaf &to 5 N) zonal-  terrestrial radiation of ozone plays a minor role in the QBO

mean zonal wind and ozone deseasonalized by subtractinigeating budget (Shibata and Deushi, 2005b). The quantita-
the long-term monthly means for the simulation and obser-tive relationship between the ozone feedback and the QBO
vations. The observed ozone is based on the Halogen Ogeriod will be described in another paper (Shibata et al.,
cultation Experiment (HALOE) (Russell et al., 1993). The 2008"). Though the simulated QBO amplitude of the zonal
MRI-CCM of this version also reproduced the QBQ in zonal wind is smaller than the observations in the stratosphere sim-
wind and ozone with its features being very similar to the pre-ilar to those in other QBOs by three-dimensional models
vious version (Shibata and Deushi, 2005b) simulated unde(e.g. Takahashi, 1999; Butchart et al., 2003; Giorgetta et al.,
annually repeating forcings, but the period is much short-2006), the simulated QBO still has some observed features:
ened (to about 20 months) from the previous value of 31stalling sometimes occurs during the descent of the westward
months through a substantial decrease in ozone positive biagind; the amplitude of zonal wind peaks at 20 hPa; verti-
in the tropical lower stratosphere (not shown) arising fromcal wind shear is stronger in the eastward acceleration than
the improved transport scheme for chemical constituents.

www.ann-geophys.net/26/1299/2008/ Ann. Geophys., 26, 12585-2008
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observations (Hasebe, 1994) even though the simulated QBO
period is much shorter than the observed one.

In the upper stratosphere, however, the simulated QBO
amplitudes of zonal wind and ozone are much larger than ob-
servations, particularly above 5 hPa as in the previous version
(Shibata and Deushi, 2005b). In contrast, the ozone QBO at
about 10 hPa is underestimated in the simulation, and so the
vertical structure of double peaks with alternating sign was
not well reproduced in the simulation. In addition, a decreas-
ing trend is evident in the simulated ozone, while no such
trend can be seen in zonal wind of the simulation and the
observations. This decreasing trend in the simulated ozone is
statistically significant below the middle stratosphere as well,

/o P ; | 7 as will be described later.

It should be noted that the simulated QBO phase is very
2294~ 5 5 = " o - different from the observed QBO phase due to the period dif-

ferences as can readily be seen from Figs. 2 and 8. Likewise,
the QBO phase relation with the seasonal cycle is very dif-

Fig. 5. Latitudinal distributions of the annual- and zonal-mean ferent from observations. Thus, the atmospheric and chem-
total ozone (DU) for the simulation (solid line) and observation istry responses to the imposed forcings may differ from ob-

(TOMS/SBUV) (dashed line) during the 1990s. For both polar re- served ones not only in the tropics but also in the extratrop-

gions beyond 69 annual-mean values are calculated from thosejcs through the mean meridional circulation (e.g. Plumb and

days when TOMS measurements were made. Bell, 1982) associated with the QBO, even if the various ob-

served forcings are used.

Latitude

the westward one; and longer duration of the eastward wind.3 Ozone

than the westward wind below about 50 hPa (e.g. Baldwin et

al., 2001; Pascoe et al., 2005). The simulated ozone QBO'he simulated and observed climatological seasonal cycle
also captures observed characteristics such as the amplituaé the zonal-mean total ozone for the 1990s is depicted as
peaking at 30 to 40 hPa and diminishing rapidly below 50 hPaa function of months in Fig. 4. The observed ozone is
(e.g. Randel and Wu, 1996; Logan et al., 2003). The lag cortaken from satellite measurements by the total ozone map-
relation between ozone and zonal wind reveals that the phasging spectrometer (TOMS) and solar backscattered ultra-
of the ozone QBO precedes that of the zonal wind QBO byviolet (SBUV), i.e. TOMS/SBUV merged total and profile
about a quarter cycle below 20 hPa (not shown) as it does imzone datasets based on the version 8 retrieval algorithm

Ann. Geophys., 26, 1299326 2008 www.ann-geophys.net/26/1299/2008/



K. Shibata and M. Deushi: Long-term variations in the simulation of the MRI-CCM 1307

Total O3 (DU) REF1 prm5 25(1980 2004)

480
430
400

BN,

JVVVVVVVV

370

X 340
=
= EQ 310
o
— 280
30sS 250
220
190
60S -
I 160
sos i 14 | | 1|8 [ | |
7980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004
90N
460
60N
430
400
SON 370
(<5}
2 340
2 EQ 310
—
ﬁ 280
30s vy A A A B A A 2 250
ANCAOAOANDNADAR
i ; ‘ ‘ 190
60S —‘ —\—— VIV BN ,,,. N gt =N 8 & & gy B
160
|
NN ! | |
sos l

7980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004

Fig. 6. Evolutions of zonal-mean total ozone latitudinal distribution for the simulation (upper) and observation (TOMS) (lower). Dotted lines
indicate the eruption dates of El Chimhand Mount Pinatubo.

(http://code916.gsfc.nasa.gov/Datarvices/merged The later than observations, because the simulated transition in
model reproduced the overall seasonal evolution of the to-dynamics from winter to spring, i.e. from westerly to easterly
tal ozone but exhibited positive biases everywhere. The relwinds, is retarded by about one month in the stratosphere. In
atively high positive biases in northern high latitudes and incontrast, the minimum total ozone appears in September as
southern mid-latitudes from winter to spring in each hemi- in observations. In the tropics, the minimum axis of the sim-
sphere stem from the overestimated poleward ozone transilated total ozone crosses the equator from north to south in
port. As annual mean values, the positive biases are slightlynid-winter and again from south to north in mid-summer,
less than 20DU in the tropics and reach 20 to 40 DU inunlike the observed months around the spring equinox and
the extratropics of both hemispheres as illustrated in theautumnal equinox. In the southern extratropics, a maximum
1990s’ ozone (Fig. 5). Interannual variations of the simu-total ozone appears around°3® from July to November,
lated annual-mean total ozone are about 6 DU in the tropicsand the ozone hole occurs inside the strong and persistent
10DU in the northern latitudes, and 16 DU in the southernpolar vortex in October/November, about one month later
high latitudes, while the corresponding observed values arg¢han observations. This is due to a much deeper simulated
2,4, and 3DU. Note that the observed values in high latitudegolar-vortex than observed that retards the seasonal change
are calculated from those days when TOMS measurementom winter to spring by about one month as in the Northern
were made. The simulated extratropical total ozone in theHemisphere.

Northern Hemisphere peaks in April/May, about one month
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of total ozone in DU (right). Triangles represent simulated data, and filled circles represent observed data (TOMS/SBUV).

The time evolution of the total ozone for the entire period +G x ENSQ(r) + H x Solar Flux(z)
(1980 to 2004) is displayed in Fig. 6, together with the ob- + Residualy), (1)
served (TOMS/SBUV) total ozone for 1980 to 2001. The
model simulates larger interannual variations in the northerrand likewise for temperature, whexeand (are time lags (in
high latitudes than in southern high latitudes, similar to themonths) of less than or equal to 12. Coefficients A through
observations. The simulated ozone hole area increased ye& (referred to as signals henceforth) are expanded by annual,
by year beginning in the early 1980s and eventually becam&emiannual, and triannual cycles to explain seasonality.
saturated from the late 1990s. Quantitatively, however, the .
model significantly underestimates the maximum ozone hoIeA =do+ ?1 cos(wr) + by Sinwr) + az (.:OS(Zwt)
area until the late 1990s, while the simulated minimum total 02 SIN(2wt) + a3 CoS3wr) + b3 sin(3wr),

ozone quantitatively coincides well with the observation, asw = 27/(12 month$. 2

depicted in Fig. 7. Itis evident that the simulated total ozone_l_h BO ref ¢ taken f th |
exhibits prominent decreasing trends in the extratropics of eQ - TEIerence terms are taken from the zona-mean
onal winds over the equator at 20 and 50 hPa (henceforth

both hemispheres and in the tropics, whereas the observatiof}
has no decreasing trend in the tropics (e.g. Fioletov et al.referred to as QBO20 and QBOS0). It should be noted that

2002). The details of the trend are described below using :98020 and QBOS0 are n.ot orthogonal both in the S'.”.‘“'a'
multiple linear regression analysis. tion and ERA—4Q, being different from the QBO empirical
orthogonal functions (EOFs) 1 and 2 (e.g. Crooks and Gray,
2005; Stolarski et al., 2006). However, QBO20 and QBO50
4 Specific signals in regression analysis are approximately a quarter-cycle apart as depicted in Fig. 8,
indicating that they can be treated as independent reference
Multiple linear regression analysis is used to isolate specificvariables. The volcanic reference terms are the global-mean
signals from the zonal-mean anomalies in temperature, zonaiptical depths at 0.56m with time lagsx andg to represent
wind, and ozone data for the simulation and observationglelayed responses of ozone and temperature. The time lags
(e.g. Randel and Cobb, 1994; Bodeker et al., 2001). Refe« and g are calculated that the correlation between the re-
erence (explanatory) variables are the mean value, the lineagressed data and target data is largest at each pointfd?
trend, the QBOs at 20 and 50 hPa, volcanic aerosols of Eandg<12. The ENSO reference term is the Southern Oscil-
Chichon and Mount Pinatubo, ENSO, and the 11-year solaration Index (SOI), and the solar reference termis the 10.7 cm

cycles. Thus the regression model for ozone is radio flux (F10.7) in solar units (f2Wm—2Hz1).
OhP OhP The coefficients in the regression model are calcu-
03(1) = A+Bx1+CxQBO°"P31)+ DxQBO?°"P3r) lated with the least-squares method against deseasonalized
+E x El Chichon (r—a)+F x Pinatubo(r—pB) monthly-mean data, which are set to zero for missing data
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Fig. 8. Evolution of the zonal-mean zonal winds (m/s) at 20 hPa (solid curve) and 50 hPa (dashed curve) over the equator for the simulation
(upper) and observation (ERA-40) (lower). Arrows represent the eruption dates of Eb@kind Mount Pinatubo.

periods in observations of ozone. The residual term, whichapproximately two 11-year solar cycles for the CCM simula-
regulates the performance of the fitting, is found to be smalltion (25 years) and ERA-40 (22 years), so that the trend sig-
enough to assure the validity of the current regression modelnal is expected to be valid for these two data sets. The ozone
For example, the proportion of zonal mean temperature, i.etrend signal is also roughly valid in the tropics mid-latitudes
the ratio of the variances of the regressed data and targetnd between 605 and 60 N, where data of over 20 years is
data, exceeds 0.55 in the stratosphere approximately betweersed. However, the trend signal derived in this study differs
40° S and 50N for the simulation and between 48 and  from those based on different regression models, as will be
40° N for ERA-40. Since the square root of the ratio is the described later, because the multiple linear regression analy-
correlation coefficient between the regression data and targetis does not necessarily yield unique signals and could result
data, a ratio of 0.55 corresponds to 0.74 for the correlationin different signals for different reference sets because some
coefficient. In addition, the regression model can explain theof the reference variables are not orthogonal to each other.
variance for ozone better than the variance for temperature

in the stratosphere both for the simulation and observationg.1  Trend

(SBUV) as in Randel and Cobb (1994).

The results of the regression models require some attenFigure 9 displays the linear trend (K/decade) of the annual-
tion. Sensitivity tests on the trend term (Bojkov et al., 1990; and zonal-mean temperature fron? @to 60 N for the sim-
SPARC, 1998) demonstrated that the trend term is relativelyulation and observation (ERA-40). The model reproduces
insensitive, i.e. about 10% changes, to the inclusion or exthe statistically significant cooling trend throughout mid-
clusion of the QBO, solar and other terms, as long as theand low-latitudes in the stratosphere and mesosphere with a
time series is sufficiently longer than the 11-year solar cyclemaximum cooling exceeding 2.5 K/decade at the stratopause
(SPARC, 1998). The trend standard errors, however, couldrom 40 S to 30 N. Statistically significant cooling can
be sensitive. The time series of the current analysis coverglso be seen in the southern polar region below 10 hPa,
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Fig. 9. Latitude-pressure cross sections of the temperature linear trend (K/decade) from 200 to 0.1 hPa bét&erd@&P N for the
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Fig. 10. Same as in Fig. 8 except that ozone is in %/decade with a contour interval of 2%/decade and the observation is SAGE l/Il (Randel
and WU, 2007).

particularly in the lower stratosphere. In contrast, ERA-40 (MSU) indicate statistically significant cooling above 40 km
indicates that the statistically significant cooling trend occu-(~3 hPa) extending from ?( to 65 N in the upper strato-
pies a narrower meridional extent, approximately frorh80 sphere with interhemispheric symmetry and another statis-
to 40 N in the upper stratosphere, and extends downwardically significant cooling in the extratropics (2@ 60> N

and poleward to about 80 in the northern lower strato- and 20 to 60° S) of about 0.4 to 0.8 K/decade in the lower
sphere. The maximum cooling at the stratopause is approxstratosphere below a relative minimum cooling in the middle
imately 2.5 K/decade, very similar to the simulation. How- stratosphere (around 30 to 35 km) (WMO/UNEP, 2003).
ever, some satellite observations reveal a somewhat differ- ) )
ent trend pattern, particularly poleward of°4f both hemi- Figure 10 depicts the linear trend (%/decade) of the

spheres, although the maximum cooling at the stratopause &Mnual- and zonal-mean ozone fronf &0to 60 N for the

of the same magnitude. The combined datasets of Stratcsimulation and observation, the latter of which is taken from
spheric Sounding Unit (SSU)/Microwave Sounding Unit reconstructed data from the Stratospheric Aerosol and Gas
Experiment (SAGE | and Il) (McCormick et al., 1989) data
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Fig. 11. Month-latitude cross sections of the total ozone trend (DU/year) betweées 80d 90 N for the simulation (left) and observation
(TOMS/SBUV) (right). Contour interval is 0.5 DU/year, and shading denotes the area of the trend different from zero at the 95% confidence
level (t-test).

with a multiple linear regression model using the decadalyear, similar to a small but significant negative annual mean
trend, solar cycle, and EOF1 and 2 of the QBO (Randel andrend of a CTM simulation (Stolarski et al., 2006), in con-
Wu, 2007) as reference variables. The simulation reproducedpicuous contrast to the observed (TOMS/SBUV) near-zero
SAGE I/l observed features of a latitudinally symmetric value. However, as pointed out by Randel and Wu (2007), the
ozone decrease trend with maxima in the extratropical uppetrend based on TOMS/SBUV data might indicate the tropo-
stratosphere (2 to 5hPa), a second maximum in the tropicaspheric positive ozone trend canceling the stratospheric neg-
lower stratosphere (50 to 100 hPa), and a minimum (or posiative trend because the vertically integrated column ozone
tive) in between {25 hPa) in the tropics (e.g. WMO/UNEP, from SAGE I/ll does exhibit a significant decrease of 8 DU
2003; Newchurch et al., 2003; Randel and Wu, 2007), al-from 1979 to 2005 in the tropics. If this is true, the simulated
though the observed trends from SAGE I/ll do not necessarweak but significant negative trend in the tropics well repro-

ily quantitatively agree with each other depending on analy-duced the observed stratospheric ozone decrease because the
sis periods and methods. The simulated maxima in the extramodel did not include detailed tropospheric chemistry.

tropical upper stratosphere efL4 to—16%/decade are twice
as large as the observed values-@&fto —8%/decade. In con-
trast, the simulated second maximum-e4%/decade in the
tropics is two-thirds of the observed trend -e6%/decade. The meridional structure of the simulated annual mean QBO
These two observed maximum amplitudes in Fig. 10 are anwind signals are shown together with the observation in
a|yzed as |arger values of12 and—-8%/decade for 1979 Flg 12. The simulated QBO20 wind Signal has a three-cell
to 2005 in Randel and Wu (2007). This discrepancy comesgertical structure of alternating sign, extending to the meso-

from the difference in the reference variables of the multipleSPhere with a positive cell from 50 to 10 hPa, a negative cell
linear regression models, as stated before. above 0.8 hPa, and the other positive cell above in the meso-

sphere. Though the vertical extent of the positive cell cen-
Figure 11 plots the linear trend (DU/year) of the zonal- tered at 20 hPa is slightly smaller, the simulated signal in the
mean total ozone as a function of month front $0to 9C N stratosphere agrees well with the observed stratospheric two-
for the simulation and observation (TOMS/SBUV). The sim- cell structure, the vertical profile of which is very similar to
ulation captured the observed major characteristics of thehe QBO weight profile yielding the best fit to the total ozone
severest total ozone depletion associated with the ozone hol@BO (Randel et al., 1995). The signal peaks over the equa-
in southern high latitudes during late winter (August) to early tor and is latitudinally symmetric with half-widths of about
summer (December), and the second maximum ozone de20 degrees in the stratosphere. The QBO50 zonal wind sig-
crease in northern high latitudes during early spring, Marchnal has a similar but vertically phase-shifted three-cell struc-
to April, although the simulation somewhat overestimatedture with a negative cell from 20 to 2 hPa, and positive cells
the absolute values. In contrast, the model calculated a pebelow and above this range. It is qualitatively in good agree-
sistent total ozone decrease in the tropics throughout thenent with the observed three-cell signal in the stratosphere,

4.2 QBO signals
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Fig. 12. Latitude-pressure cross sections of the QBO20 (upper) and QBO50 (lower) zonal winds in m/s per 10 m/s of the QBO winds at 20

and 50 hPa between 68 and 60 N for the simulation (left) and observation (ERA-40) (right). Contour interval is 2 (m/s)/(10 m/s), and
shading denotes the 95% confidence level (t-test).

though the observed signal shows only the peripheral part of The QBO signals of QBO20 and QBO50 exhibit a wider
the uppermost positive cell between 2 and 1 hPa. It shouldatitudinal extent of about:30 degrees in the mesosphere
be noted that the peak values of the QBO50 signal are apthan in the stratosphere (abat20 degrees), coinciding with
proximately twice as large as those of the QBO20 signal forsatellite measurements by the high-resolution Doppler im-
the simulation, and the QBO50 reference amplitude is abouiger (HRDI) on the Upper Atmosphere Research Satellite
half of the QBO20 reference amplitude (Fig. 8). As a result, (UARS) (Burrage et al., 1996). There is also a slight hint
the product of the signal and reference is of similar magni-of this above 2 hPa in the QBO50 zonal wind signal (Fig. 12)
tude in the multiple linear regression model (Eq. 1). Also, of ERA-40 available up to 1 hPa. A similar feature is just
the ratio of the reference amplitudes (QBO20/QB0O50) in thevisible in the analysis using a higher ERA-40 dataset up to
observations is about two, and the ratio of the signal ampli-0.1 hPa (Crooks and Gray, 2005), in which the QBO ref-
tude is about 0.8 for the positive cells and 0.4 for the negativeerences are the QBO EOF 1 and 2. Although the QBO
cells. Thus, the products of the signal and reference are apamplitude in the mesosphere is barely discernible and di-
proximately the same magnitude for the negative cells but areninishing monotonically with altitude in the ERA-40 (Bald-
much larger for QBO20 than for QBO50. win and Gray, 2005; Pascoe et al., 2005), the mesospheric

QBO distinctly appeared in MRI-CCM and is analyzed by
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Fig. 13. Same as in Fig. 12 except for temperature in K/(10m/s). Contour interval is 0.2 K/(10m/s) for QBO20 and QBO50, but
0.4 K/(10 m/s) for the QBO50 of the model.

multiple linear regression. A similarly clear mesospheric The extratropical QBO temperature signals are out of
QBO is simulated in a high-vertical-resolution version of the phase with the tropical QBO ones in both hemispheres.
MAECHAMS5 GCM (Giorgetta et al., 2006). These extratropical QBO signals arise from the secondary
Figure 13 depicts the simulated and observed annual-meameridional circulation induced by the main equatorial QBO
QBO20 and QBOS50 temperature signals, both of which peake.g. Plumb and Bell, 1982) and can be seen preferentially
over the equator with latitudinal symmetry (Crooks and Gray, in the winter hemisphere (e.g. Randel et al., 1999), where
2005) as the wind signals in Fig. 12. In the equatorial region,the Brewer-Dobson circulation is much stronger than in the
their latitudinal extents are narrower than those of the windsummer hemisphere, though the extratropical QBO signal in
signals, with half-widths of about 15 degrees in the strato-the winter hemisphere is not analyzed all year around, i.e.,
sphere and 20 degrees in the mesosphere. The QBO20 terit-disappears some winters (Randel et al., 1999). Thus, the
perature signals have a three-cell structure (Crooks and Grayatitudinal symmetry in the extratropical QBO temperature
2005) very similar to that of the QBO50 wind signals, while signal in Fig. 13 is not the real picture but a virtual structure
the QBO50 temperature signal has a four-cell structure withmade through the annual mean operation.
a positive cell from below 100 to 30 hPa, a negative cell to ) . )
7hPa, the other positive cell to 0.3hPa, and the other nega- | "€ Simulated annual-mean QBO20 ozone signal (Fig. 14)
tive cell above. exhibits a four-cell structure over the equatorial region, a
negative cell up to 60hPa, a positive cell up to 20hPa,
the other positive cell up to 2hPa, and the other negative
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Fig. 14. Same as in Fig. 11 except for ozone in %/(10m/s). Contour interval is 1%/(10 m/s) for the model and 0.3%/(10 m/s) for
TOMS/SBUV.

cell above. Since a pressure level of about 20 hPa correNOy signal (not shown) shows a very weak reduction peak
sponds to a critical altitude separating the photochemistryof about 0.3<10~2 ppbv/(10 m/s) at 10 hPa. A detailed anal-

control region above and the transport control region belowysis on this, however, is beyond the scope of this paper.
(e.g. Hasebe, 1994), the QBO20 ozone positive signhal beThe simulated QBO20 ozone signal of these two positive
low 20 hPa is consistent with the QBO20 temperature pos<ells below 3 hPa qualitatively agrees with the observation
itive signal, both of which are brought by a downdraft as- (SBUV/TOMS), although the minimum value between them
sociated with the QBO westerly shear zone. Extratropicalis too low in the simulation.

negative signals in temperature and ozone are also consis- The simulated annual mean QBO50 ozone signal, which
tent w;tr:heach Ot?ef tl)ecgl:)se_ therehlshan gpdhraft asla relUias a four-cell structure in the equatorial stratosphere
arm of the equatorial Q In each nemisphere. In Con'(Fig. 14), qualitatively agrees with the observed one for the

_enegatlve cell centered around 3 hPa, positive cell centered at

stratosphere can be interpreted as a response to the COOI'riQ) hPa, and negative cell centered around 30 hPa, albeit the
(Ling and London, 1986) or to the transport of hpoor lowest one is not statistically significant. However, the sim-

air (Chipperfield et al., 1994). In the simulation, for ex- ulated positive cell below 30 hPa with the largest magnitude

am_ple, the_ QBO20 temperature signal (Fig. 13) exhibits centered at 70 hPa in the equatorial lower stratosphere can-
major cooling peak of about 1.4 K/(10m/s) and the QBO20 ¢ e seen in TOMS/SBUV data in spite of there being no
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data below 50 hPa. As will be described below, this inten-servation (ERA-40). Note that the values in Fig. 16 should
sive positive cell in the lowermost stratosphere is the causde multiplied by 1.3 to obtain differences between solar max-
of a significantly large response of total ozone in the equaimum and minimum because the 130 solar units of F10.7
torial region, whereas almost no response can be seen in theorrespond, on average, to the difference between the so-
observed data. lar maximum and minimum. The simulation has two lati-
In the observed total ozone data (Fig. 15), positive val-tudinally symmetric strong warming areas in the mesosphere
ues of the QBO20 signal cover the equatorial region fromand in the lower stratosphere and a cooling area in between
approximately 10S to 10 N with a slight peak in Octo- them over the tropics. The mesospheric warming extends
ber/November. In the extratropics, negative (out-of-phase)down to about 3 hPa and has a broad depth peak centered at
values extend in mid-latitudes with maxima of the same mag-0.5 hPa. Interestingly, the magnitude and vertical and merid-
nitude as the equatorial signal in mid-latitudes of both hemi-ional extents of this mesospheric warming are very similar to
spheres during the winter-spring season in each hemispher#&jose due to the UV heating alone between solar maximum
March in the Northern Hemisphere, and August/Septembeand minimum under a fixed dynamical heating assumption
in the Southern Hemisphere. These features are very simi(Shibata and Kodera, 2005). The lower stratospheric warm-
lar to those regressed to the QBO 30 hPa wind (Randel anihg extends from 20 to 80 hPa with a peak at about 70 hPa
Cobb, 1994) or to the vertically weighted QBO wind with a and this is probably due to dynamics, because UV impact
peak at 20 hPa (Randel et al., 1995). scarcely penetrates into the middle stratosphere. The cooling
The simulation qualitatively reproduced the observed fea-and weak warming area between the two strong warmings is
tures with similar magnitudes, but the locations or dates ofnot statistically significant.
maxima are skewed and the mid-latitude negative values dur- The observed annual mean solar temperature signal also
ing the winter-spring season do not extend to high latitudeshas two strong warmings and a minimum warming in be-
in the winter hemisphere, unlike observations (e.g., Randetween with latitudinal symmetry. The observed higher alti-
and Cobb, 1994) and the mechanistic chemistry model simtude warming signal is shallower with a maximum around
ulation (Kinnersley and Tung, 1999). In the equatorial re- 3hPa and possesses a wider latitudinal extent than the sim-
gion, a maximum appears in June/July with a weak secondilated one. The discrepancy in the upper stratosphere be-
maximum in December, while a weak minimum appears intween the simulation and observation is mainly from the cur-
March. The northern mid-latitude negative maximum occursrent simulation not reproducing the ozone increase through
around 40 N similarly to but about two months earlier than photodissociation change in the upper stratosphere due to the
the observed one. The southern mid-latitude negative max11-year solar cycle. It is worthwhile to point out that MRI-
imum appears around 38 in July/August and is approxi- CCM simulates a statistically significant 2 to 3% increase in
mately one month earlier and 10 degrees equatorward thagnnual mean ozone at about 3 hPa (not shown) for the differ-
the observed one. ence between solar maximum and minimum time-slice runs,
The simulated QBO50 total ozone signal has statisticallyin which the photodissociation process is correctly treated,
significant values in the tropics, where a maximum occursas in other CCMs (e.g. Tourpali et al., 2003; Egorowa et al.,
in July/August and minima appear in March and Decem-2004). On the other hand, the second maximum warming of
ber, while the observed data has no statistically significan©0-8 K around 50 hPa between-3®and 30 N in observations
value in the tropics (Fig. 15). This feature in the simula- is reproduced in the simulation, though the height is lower
tion is consistent with the ozone signals in the lowermostand the magnitude is underestimated to be 0.5K. This indi-
stratosphere, where the simulated ozone has a large positigates that the upper stratospheric warming associated with
signal (Fig. 14). Statistically significant and negative (out- 0zone increase due to UV enhancement might have minor
of-phase) minima appear in the extratropics of the observegffects on the tropical lower stratospheric warming.
data about two month behind the QBO20 ozone minimum The satellite measurements or other upper-air observations
signals in both hemispheres. The model barely reproduced@re not long enough to stably and accurately analyze the 11-

the southern mid-latitude minimum alone. year solar cycle but, in total, include barely two cycles. As
a result, the solar signal is detected differently depending on
4.3 Solar signals analysis methods or conditions employed (e.g. Scaife et al.,

2000; Labitzke et al., 2002; Hood, 2004; Crooks and Gray,
The current simulation does not include the temporal varia-2005). Even using ERA-40 data with the multiple linear re-
tions of photodissociation due to the solar irradiance varia-gression analysis, the resultant solar temperature signal by
tions as stated above, so the simulated solar signal refleciSrooks and Gray (2005) is different, particularly in the tropi-
only responses to the radiative heating of the 11-year solacal lower stratosphere, from that in this study. This is because
cycle, indicating that some attention is required to interpretsome of the reference terms are not equivalent between the
the model result. Figure 16 depicts the annual mean solatwo analyses.
temperature signals in K per 100 solar units from 100 to Figure 17 depicts the annual mean solar ozone signals in
0.1 hPa between 8@ and 60N for the simulation and ob- percent per 100 solar units betweer? 0and 60 N for the
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Fig. 15. Month-latitude cross sections of the QBO20 (upper) and QBO50 (lower) total ozone in DU per 10 m/s of the QBO winds at 20 and
50 hPa between 8@ and 60 N for the simulation (left) and observation (TOMS/SBUV) (right). Contour interval is 1 DU/year, and shading

denotes the 95% confidence level (t-test).

simulation and observation (TOMS/SBUV). Interestingly, 4.4 \olcanic signals
without the effect of photodissociation variations, the sim-
ulation reproduced a positive maximum signal around 3 hParigure 18 displays the evolutions of the simulated global
and a negative Signal around 20 hPa in the trOpiCS, and th%so S to 6% N) Vo|canic temperature Signa's for about a
pOSitive Signal haS a Wider Iatitudinal extent W|th better Sym' ha'f year before and about three and a ha'f years after the
metry than the negative signal. This dipole vertical structureg| chichon and Mount Pinatubo eruptions, along with the
is also seen in the observed signal, although the two observeghserved signals (ERA-40). The model reproduced qualita-
signals are located at higher altitudes. Note that the negativgve|y well the warming due to EI Chidn volcanic aerosols
signal can also be analyzed in TOMS/SBUV and SAGE dataith respect to its timing and extent until the middle of 1983,
(Lee and Smith, 2003; Hood, 2004; Randel and Wu, 2007)pyt after this date the model failed to simulate the observed
but the statistical significance is low in both satellite dataseasonal cycle, which peaks during the northern autumn in
(Hood, 2004; Randel and Wu, 2007). In the tropical lower 1983 and 1984. After the Mount Pinatubo eruption, the
stratosphere, however, the simulated positive signal seemgodel reproduced the observed warmings such as the first
to be related to mid-latitude pOSItlve S|gnals of both hemi- Warming in the 1991/92 Winter’ the second and third warm-
spheres and is very different from the observed signal. ings during autumn in 1992 and 1993, albeit an excess weak
warming during the early summer in 1992. Quantitatively,
however, the model overestimates the warming magnitude
for the two eruptions, in particular for EI Chioh, as in
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Fig. 17. Same as in Fig. 16 except for ozone in % per 100 solar units for the simulation (left) and observation (TOMS/SBUV) (right).
Contour interval is 0.4.

other model simulations (e.g. Dameris et al., 2005; Kirchneris almost a transition state from westerly to easterly and the
etal., 1999). One reason for this is the disagreement betweewesterly lasts abnormally long, i.e. the descent of the next
the simulated and observed QBOs, because the QBO signifieasterly stalls for several months around 50 hPa (Fig. 2), af-
cantly impacts the effect of volcanic aerosols (e.g. Randel eter the eruption. The simulated QBO wind is near a peak
al., 1995) through the mean meridional circulation. value, and no abnormal feature can be seen for the descent of

When EI Chiclon erupted, the ERA-40 QBO wind was the next westerly after the eruption. Such differences in the

easterly and had almost peaked at 50 hPa, above which stron BO phase agamst_the eruptions b.e tween the observed and
) ; : ) mulated data are in part responsible for the CCM errors
westerly shear was descending (Fig. 2), while the simulate

OBO wind is approximately westerly and reaches maximum ecause the vertical shear of the QBO is directly related to
the secondary meridional circulation, which produces large

at 50hPa, indicating that the QBO phase in ERA-40 is OP"effects in up- and downdraft regions. In addition, these dif-

posne to that n the simulation. However, dur_mg the erup- ferences might produce the difference in the response errors
tion of Mount Pinatubo, the observed QBO wind at 50 hPa
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Fig. 18. Time-pressure cross sections of the globaP @30 65 N) temperature after the El Chiéh eruption (upper) and Mount Pinatubo

eruption (lower) for the simulation (left) and observation (ERA-40) (right). Contour interval is 0.5K and dashed contours denote negative
values. Zero contours are omitted.

of the CCM between the two eruptions, although the spatialthe observation. For the Mount Pinatubo eruption, the simu-
distribution of the volcanic aerosols is based on observation$ation does not capture the observed features well, except for
and has nothing to do with the QBO phase in the CCM. the temperature signal. The simulated ozone decrease peaked
. . in March 1992, about four months after the observed maxi-
The global (65 S to 65 N) volcanic total ozone signals for o\ 1o ooca in October 1992, and its magnitude is about

f[he .EI Chicton a_nd Mount Pinatubo eruptions are depicted three-fold larger than the observed one. In addition, other ob-
in Fig. 19. The simulated ozone decrease peaked in Februar,

g . ) Jerved ozone peaks centered in August 1992 and 1993 are not
1983 S|m_|Iar to the °bsefved one for the El Cliioferuption, reproduced at all in the simulation. The overall overestima-
but the simulated magnitude was about two-fold larger tha

the ob d Oth d t A nti(t)n in the simulated ozone decrease comes primarily from an
€ observed one. erozone decrease extremes In AUGUSGe astimation of ozone loss due to the heterogeneous reac-

1982 a_md 1985, Janga_ry .1984' and February 1985 were Uons on the volcanic aerosol surface, because the gas-phase
derestimated but their timings were correctly reproduced, al-

. . _reactions could not produce such a severe ozone decrease.
though the simulated extreme in July 1984 cannot be seen in P
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Fig. 19. Evolution of the global total ozone after the El Chacheruption from 1982 to 1985 (upper) and Mount Pinatubo eruption from
1991 to 1994 (lower) for the simulation (left) and observation (TOMS/SBUV) (right).

Furthermore, radiative and dynamic effects are also respord.5 ENSO signals
sible for this overestimation (e.g. Tie et al, 1994; Kinnison

et al., 1994). The radiative effect refers to the warming be- _ ) h | ianals of |
low the middle stratosphere due to the solar and terrestriaf '9ure 20 depicts the annual average ENSO signals of zonal-

heating of volcanic aerosols, leading to increases in the readnéan temEera;ccurerSK p_erl Ista_mdarddde\élatlon (_)f SOl) from _
tion rates of odd-oxygen loss, and the dynamic effect referst000 t0 1 hPa for the simulation and observations. ENSO is
to the enhanced upward transport of 0zone-poor air, whict cqupled ocean-atmosphere fluctuation with east—we_st see-
is a dynamic response to the radiative heating. Both effects@WINY SST between the eastern and the western tropical Pa-

thereby induce ozone loss below the middle stratosphere ir(fifiC Ocean. The SST in thg eastem trqpical Pacific rises by
the tropics. 1 to 2K above normal during an El filb warm event and

decreases by a similar amount below normal during a La
Nifia cold event (e.g. Philander, 1989). In addition, ENSO

www.ann-geophys.net/26/1299/2008/ Ann. Geophys., 26, 12585-2008



1320 K. Shibata and M. Deushi: Long-term variations in the simulation of the MRI-CCM

Temp (K) SOI (1980—2004)v2 PRM5_ REF1 Temp (K) SOl (1980—2001)v2 ERA40

i
~
[
N

w
a

Pressure (hPa)
~ h J
W
\
)

Pressure (hPa)

—

o
o

200 1

500

1000
60

EQ 60N

Latitude Latitude
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for ERA-40. Shading denotes the 95% confidence level (t-test).

possesses strong seasonality such that the atmospheric r@bservations (TOMS/SBUV). Due to the enhanced updraft
sponse becomes largest during the northern winter, thougin the tropics and the corresponding downdraft in the mid-
it can be seen in other seasons. The zonal-mean componelatitudes of both hemispheres, there is an ozone decrease in
with annual averaging as shown in Fig. 20 is thus smallerthe tropics and an ozone increase in the mid-latitudes cen-
than the non-zonal component during the mature stage. Theered at 33S and 358 N for both the simulation and observa-
tropical troposphere warming during Eld in Fig. 20 is  tion. It should be noted that the ozone decrease in the tropics
due to the latent heat release increase coming from enhancextcupies a thicker region below 15 hPa than the cooling be-
convective activity. The cooling below the middle strato- low 50 hPa and that it is latitudinally asymmetric in contrast
sphere in the tropics (Reid, 1994; Crooks and Gray, 2005Yo the symmetric cooling.
is due to an enhanced updraft (not shown), while the mid-
latitude, warming in the 20 to 150 hPa region centered around
35°S and 38N, is caused by an enhanced downdraft (not5 Discussion
shown). The CCM reproduced well the spatial pattern of
the tropospheric warming and the stratospheric cooling in theThe QBO in the equatorial stratosphere crucially affects the
tropics, while the amplitudes are about a half of the observeci;tratospheric dynamics in both the tropics and in mid- and
ones. The mid-latitude stratospheric warmings in the simu+igh latitudes through the wave-mean flow interaction. For
lation are slightly larger than the observed warmings. the westward QBO wind, a zero-wind line seems to work
The annual average ENSO signal of zonal-mean zonahs a critical line (e.g. Andrews et al., 1987) for stationary
wind (Fig. 21) demonstrates that the tropospheric responselanetary waves in the winter hemisphere, and stationary
occurs virtually in the subtropics, peaking at about8%&nd  planetary waves are thereby apt to deflect poleward, lead-
25° N (Crooks and Gray, 2005). The intensification of the ing to their larger westward momentum deposition in high
subtropical jet thus occurs in the equatorward flank in bothlatitudes. As a result, a weaker polar vortex and warmer po-
hemispheres and is approximately in thermal wind balancdar temperature appear. For the eastward QBO wind, how-
with the ENSO temperature signal. The CCM reproducedever, there is no critical line in the winter hemisphere, so
the subtropical jet response with regard to the strength andhat stationary planetary waves are apt to deflect equator-
extent, though the response is somewhat underestimated iward, inducing a stronger polar vortex and colder polar tem-
both quantities. However, there are large discrepancies beperature. This relation between the QBO phase and the po-
tween the simulated and the observed signals in the tropicdhr vortex magnitude in the Northern Hemisphere was first
stratosphere. One reason could be interference between QBfemonstrated by Holton and Tan (1980) from monthly data
and ENSO through aliasing in the multiple linear regressionfor a 16-year period (1962 to 1977), but the statistical signif-
model (Crooks and Gray, 2005). icance was marginal due to the small numbers of the QBO
Figure 22 illustrates the annual average ENSO signal ofphase. Recently, Naito and Yoden (2005) proved that the
zonal-mean ozone from 100 to 0.1 hPa for the simulation andabove relation (Holton-Tan relation) holds true with high
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Fig. 22. Same as in Fig. 20 except for ozone in % with the observation being TOMS/SBUYV, and contour interval is 0.1.

statistical significancex{99%) from long-term daily data of sphere and the phase relationship between the QBO and sea-
NCEP/NCAR Reanalysis (Kalnay et al., 1996) for 46 yearssonal cycle in the simulation substantially differ from those
(1958 to 2003) based on the large-sample method. Pasn observations, causing different extratropical responses to
coe et al. (2005) also obtained statistically significant resultghe QBO. This is because the phase alignment or relation-
for the Holton-Tan relation from ERA-40 for 1979 to 2001. ship between the QBO and seasonal cycle plays an important
The Holton-Tan relation can also be reproduced with threesole in the extratropical responses (e.g. Gray and Dunkerton,
dimensional mechanistic models (e.g. Holton and Austin,1990; Hampson and Haynes, 2006).

1991; Hampson and Haynes, 2006) and with GCMs by im-
posing the observed QBO wind (Hamilton, 1998). The QBO also affects the responses to the 11-year solar

cycle (e.g. Labitzke, 1987; Labitzke and van Loon, 1988) and
The simulated QBO has a smaller amplitude and a shortevolcanic aerosols (e.g. Randel et al., 1995; Lee and Smith,

period than the observed QBO (Figs. 2 and 8), and thus th003), so that the simulated responses to these forcings may
mean meridional circulation associated with the QBO alsobe skewed to a certain degree due to the differently repro-
differs with respect to period and intensity, giving rise to dif- duced QBO, requiring some caution in interpreting the model
ferent influences on chemical constituents in the tropics. Inresult. The response to volcanic aerosols due to eruptions
addition, both the zonal wind field in the subtropical strato- in the tropics such as the El Chimh and Mount Pinatubo
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eruptions especially needs a correct phase relationship witko that the 11-year solar cycle exerted forcing on the model
the QBO because the large amount of volcanic aerosols inithrough radiation alone.
tially formed in the QBO domain are subject to dynamical MRI-CCM adopts a hybrid semi-Lagrangian transport
heating or cooling associated with the mean meridional cir-scheme, which is an ordinary semi-Lagrangian scheme in the
culation depending on the QBO phase. For example, if thehorizontal direction and equivalent to a mass-conserving flux
simulated QBO phase is westerly, i.e. opposite to the obform in the vertical direction. The current PRM5 scheme,
served easterly phase, then radiative heating due to volcanivhich uses a quintic interpolation in the horizontal direction
aerosols and dynamical heating are both positive, leading tand employs a piecewise rational method for overhead col-
warming errors. For the correct QBO phase (easterly), dy-umn abundances in the vertical direction, produced a sub-
namics brings cooling through the downdraft, resulting in thestantial decrease of ozone positive biases, particularly in the
suppression of radiative heating. tropical upper troposphere and lower stratosphere, compared
The simulated trend is probably free from the effect of to the previous scheme with cubic interpolation for both the
the QBO because the simulated QBO wind does not exhorizontal and vertical directions. As a side-effect of the de-
hibit a trend like the observed one. However, the validity crease of ozone in the tropical lower stratosphere, the QBO
of the assumption used in the multiple linear regression analperiod shortened from 31 to 20 months through the decrease
ysis on ozone must be treated with care. Specifically, theof the solar-heating feedback of ozone. The other features of
trend of annual mean ozone is linear everywhere over théhe QBO are very similar to those of the previous one with
entire period from 1980 to 2004. The observed ozone, how-a 31-month period simulated under annually repeating forc-
ever, has recently exhibited a turnaround over certain lati-ings.
tude and altitude ranges. Fioletov et al. (2002), for exam- Multiple linear regression analysis has been performed for
ple, found that ground-based station and satellite (TOMS andemperature, zonal wind, and ozone to separate the trend,
TOMS/SBUV) total ozone had no practical decreasing trendthe QBO, the El Chicbn and Mount Pinatubo, the 11-
from 1988 to 2000 in northern mid-latitudes (3® 60° N). year solar cycle, and the ENSO signals for the simulation
Newchurch et al. (2003) demonstrated that SAGE /Il com-and observations. It was found that MRI-CCM can more
bined with HALOE data provides evidence of a slowdown or less realistically reproduce the observed trend of annual
in stratospheric ozone losses since 1997. Hadjinicolaou emean temperature and ozone such as a maximum cooling
al. (2005) showed that TOMS/SBUV total ozone increasedof 2.5 K/decade near the tropical and subtropical stratopause
between 3% and 60 N after 1994, in contrast to a decreas- and a maximum ozone decrease of 12 to 14%/decade at
ing trend over the previous years (1979 to 1993) and that thi® to 3 hPa height around 30 to 6atitude in both hemi-
upward trend is reproduced by the CTM forced only by trans-spheres. The total ozone exhibits severe spring-time de-
port changes. Therefore, a piecewise-linear model, ratheereases of 3 to 4%/decade in the northern high latitudes and
than a linear model (e.g. Reinsel et al., 2005), is preferabledf 5 to 6%/decade in the southern high latitudes, which is
for accurate representation of the observed trend and simut%/decade higher and 2%/decade higher than the observed
lated trend more accurately, in spite of the increase of paramvalues.
eters. The annual mean QBO signals of temperature and zonal
wind are well reproduced as for the meridional structures,
which have two- or three-cell forms of alternating sign in the
6 Summary stratosphere in spite of a shorter QBO period of 20 months.
Similarly, the simulated ozone QBO signal also captures the
A simulation of the middle atmosphere for the past 25 yearsobserved meridional structure of vertical multi-cells. The
(from 1980 to 2004) was performed with MRI-CCM by im- seasonality of the mid-latitude total ozone QBO, which ex-
posing observed natural and anthropogenic forcings of SSTtends poleward with the opposite sign of the equatorial total
sea ice, greenhouse gases, halogens, the 11-year solar @yzone QBO in the winter hemisphere, is also quantitatively
cle, and volcanic aerosols. These forcings are introducedeproduced for the QBO20 signal, albeit there is no extension
daily through interpolation from monthly mean values. The to high latitudes in the spring time.
monthly mean SSTs are corrected to retain temporal variabil- The vertical three-cell structure of alternating sign in the
ity even when interpolated from monthly to daily values. The tropical stratospheric temperature and ozone due to the 11-
concentrations of well-mixed GHGs (GOCH,4, and NO) year solar cycle is qualitatively simulated, though the pho-
and those of halogens are specified at the surface. In additionpdissociation coefficients are held constant irrespective of
the abundance of each chlorine-bearing species is multipliethe solar cycle. The simulated solar signal in the upper strato-
by a constant factor(1.3) each month to realistically repre- sphere and above, where photodissociation plays a crucial
sent the abundance of total chlorine atoms (3@l organic  role, does not reflect the photochemical response to UV evo-
chlorine compounds. After the simulation, the solar forcing lution but rather reflects the radiative response, so that care-
was found to have an error that prevented the photodissoful attention is required for interpreting the solar signal of
ciation coefficients from being varied with the solar cycle, this study. Nevertheless, the fact that the second maxima
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of temperature and ozone in the tropical lower stratosphere Sato, K., and Takahashi, M.: The quasi-biennial oscillation, Rev.

and the minima above are reproduced demonstrates that the Geophys., 39, 179-229, 2001.

dynamic effect is much larger than the photochemical effectBodeker, G. E., Scott, J. C., Kreher, K., and McKenzie, R. L.:

below the middle stratosphere in the tropics. Global ozone trends in potential vor.ticity coordinates using
The global (65 'S to 65 N) volcanic temperature increase TOMS and GOME intercompared against the Dobson network:

signals due to the EI Chiéim and Mount Pinatubo erup- 801978_1998’3' Geophys. Res., 106, 23029-23 042, 2001.

tions are twice as large as the observed signals, but the kov, R., Bishop, L., Hill, W. J., Reinsel, G. C., and Tiao, G. C..
9 9 ’ A statistical trend analysis of revised Dobson total ozone data

seasonal variations are approximately the same because the o\ the Northern Hemisphere, J. Geophys. Res., 95, 9785-9807,
spatial distribution and radiative properties of the volcanic 1ggq.

aerosols are_based on the obse_rved value§. _HOWEVGE thrasseur, G.: The response of the middle atmosphere to long-term
global volcanic ozone decrease signals are significantly over- and short-term solar variability: A two dimensional model, J.
estimated, in particular for Mount Pinatubo, though the ob- Geophys. Res., 98, 23 079-23 090, 1993.

served surface-area densities of the volcanic aerosols are inBurrage, M. D., Vincent, R. A., Mayr, H. G., Skinner, W. R,,
posed. Arnold, N. F., and Hays, P. B.: Long-term variability in the
perature in the tropics is well reproduced in terms of the 12847-12854, 1996.

. . . Butchart, N., Scaife, A. A., Austin, J., Hare, S. H. E., and
spatial pattern of the tropospheric warming and the strato Knight, J. R.: Quasi-biennial oscillation in ozone in a cou-

spheric cooling, althoug_h the ampht_udes_ are underestlmaged pled chemistry-climate model, J. Geophys. Res., 108, 4486,
by about half. The simulated mid-latitude stratospheric .10 1029/20023D003004. 2003.

warmings in both hemispheres are slightly higher than theButchart, N., Scaife, A. A., Bourqui, M., de Grandpre, J., Hare,
observed values. The ENSO signal of zonal-mean zonal s, H. E., Kettleborough, J., Langematz, U., Manzini, E., Sassi,
wind, represented as the subtropical jet intensification in the F., Shibata, K., Shindell, D., and Sigmond, M.: Simula-
equatorward flank in both hemispheres, is also well captured. tion of anthropogenic change in the strength of the Brewer-
The stratospheric ENSO ozone signal, revealed as an ozone Dobson circulation, Clim. Dynam., 27, D16314, 727-741,
decrease in the tropics and an ozone increase in the mid- doi:10.1007/s00382-006-0162-4, 2006.

latitudes centered at about®5 and 35N, though slightly Chipperfield, M. P.. Multiannual simulations with a three-
overestimated, is well reproduced. dimensional chemical transport model, J. Geophys. Res., 104,

1781-1805, 1999.
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