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Abstract

The climate and variability of the large scale stratospheric circulation during the Northern
Hemisphere winter are studied comparing atmospheric statistics from a model simulation and
from global observations. The simulation consisted of a 20-year integration performed with a
newly developed comprehensive, low resolution model of the troposphere and stratosphere. The
observations were compiled by Randel (1992) from a 12-year dataset of NMC-CAC global
operational analyses of the troposphere and stratosphere.

The December—February time average of the observed zonal mean circulation is found to be
reasonably well captured by the model. In the stratosphere, the magnitude of the simulated and
observed zonal winds compares well, although the simulated westerly winds do not show the
equatorward tilt with height present in the observations. Associated with the polar confinement
of the westerly winds is a relatively small systematic cold bias in the polar lower stratosphere
and upper troposphere. The quasi-stationary planetary waves are also well captured by the long
term time averaged fields of the model.

A considerable amount of monthly interannual variability is also found in the simulation. Both
the NMC-CAC and model datasets show that in the stratosphere the interannual variability
increases from December to January and February. The magnitude of the simulated interannual
variability compares well with that observed during January and February. In December,
however, the interannual variability simulated by the model appears to be severely
underestimated in the upper troposphere and, locally, in the lower stratosphere.

During February substantially different results were obtained when the monthly interannual
variability was computed from 10-year samples of the simulation. This behavior appeared to be
caused by the occurrence of two major warming type events during the first ten Februaries of
the 20—year simulation, while none during the second ten Februaries, a result not in
disagreement with observations. The fact that significant differences can occur for 10-year
samples indicates that much longer integrations would be necessary for any firm conclusion
concerning interannual variability.



1. Introduction

Long term global observations and model simulations are necessary to investigate the
nature of climate variability on interannual time scales. Most of the literature on this
subject focused mainly on the tropospheric flow and its response to changes in boundary
forcing, namely variations in sea surface temperature and land parameters (for a review
see for instance Lau, 1992).

Recently it has been recognized that anthropogenic influences of the atmospheric
composition may have a large impact on the stratosphere, a dramatic example being the
rapid depletion of the ozone layer during the austral spring over Antarctica (Farman et
a1. 1985). Significant ozone losses in the middle and high latitudes of the lower
stratosphere (Stolarski et al., 1991) may also affect the climate radiative forcing of the
surface-troposphere system (Ramaswamy et al.‚1992). However, in order to evaluate the
effects of changes in atmospheric composition on the general circulation it is necessary
to take into account the large interannual variability of the stratospheric flow. Well
known examples of variability in the stratosphere are the so called sudden warrnings of
the winter polar temperature, that may be particularly intense in the Northern
Hemisphere, and the quasi-biennial oscillation in the zonal wind in the lower tropical
stratosphere (Andrews et a1., 1987 for a review). The complicated interactions among
chemistry, radiation and dynamics that appear to characterize the middle atmosphere
have therefore motivated and renewed the interest in the climate of the stratosphere and
its variability. In addition, availability of relatively long records of global observations
including the stratosphere and more advanced numerical models now allow to address
this issue more comprehensively.

In this study, the climate of the stratosphere and its variability is investigated by
analyzing a 20—year simulation performed with a newly developed General Circulation
Model (GCM). The statistics generated by this simulation are thereafter compared with
that of a 12-year dataset of global observations of the troposphere and stratosphere
(Randel, 1992). Attention is restricted to interannual variability associated with internal
dynamical and physical processes, therefore such external forcing as interannual
variations in sea surface temperature and in trace gases have been excluded from the
simulation. This approach is motivated by the important role played by GCMs in
studying the nature of climate variability and thus the necessity of assessing the amount
of variability generated in a model atmosphere in the absence of external forcing. The
present work is part of a more general project aimed at developing and validating a GCM
to be used in a variety of applications.

Previous studies of stratospheric climate and variability simulated by general circulation
models include the works of Boville and Randel (1986), Rind et al. (1988a,b), Hamilton
et a1. (1994) and Hamilton (1994). Boville and Randel (1986) compared the atmospheric



statistics of a 7—year January dataset of global observations to a January perpetual
integration obtained with the NCAR-CCMO general circulation model. About the
interannual variability of the stratospheric circulation, they found that their simulation
overestimated the observed variability. They attributed their results to the absence of the
seasonal cycle in their simulation. The 5-year integration of Rind et al. (1988a,b)
performed with the GISS global climate model that included the middle atmosphere
suggested that complex interactions among the mean flow, large scale eddies and
parametrized gravity wave drag can affect the simulation of the interannual variability
in the stratosphere. Very recently, a statistical analysis of several aspects of the climate
and variability simulated by the GFDL SKYHI general circulation model of the
troposphere stratosphere and mesosphere has been recently completed (Hamilton et a1.
1994, Hamilton, 1994). In a 25-year integrations, the Hamilton (1994) results showed
that a reasonable amount of daily and interannual variability is present in the SKYHI
model during the Northern Hemisphere winter.

The focus of the current work is on evaluating against available observations the model
generated long term time average and interannual variability of the monthly mean
circulation during December, January and February. Given the generally low variability
during the summer season in the stratosphere, the results presented will mainly cover the
Northern Hemisphere (NH). Results from the other months of the year as well as
analyses of daily variability will be reported in a later study.

The paper is organized as follow. Section 2 describes the troposphere - stratosphere
general circulation model and the design of the experiment. The global observation
dataset used is introduced in Section 3. Aspects of the simulation of the midlatitude
tropospheric circulation of interest to the present contest are summarized in section 4.
The long—term time average and the interannual variability of the zonal mean circulation
are reported Section 5. Section 6 deals with quasi - stationary planetary waves.
Conclusions are discussed in Section 7.

2. The model and the experiment design

The model used in this work is an modified version (hereafter referred to as ECHAM3.5)
of the ECHAM3 model described in Roeckner et a1. (1992). ECHAM3 is a general
circulation spectral transform model with variable horizontal truncation.

The physical parametrizations common to both ECHAM3 and ECHAM3.5 are the
following: prognostic scheme for stratiform clouds (Roeckner et a1. 1991); cumulus and
stratocumulos convection (a mass flux scheme including deep, midlevel and shallow
convection, Tiedtke, 1989); standard local vertical diffusion (Louis, 1979) revised to
include cloud water effects and non—zero above the planetary boundary layer for
unstable stratification only (Roeckner et a1. 1992); planetary boundary layer (Louis,



1979); three layer model of heat conduction and soil model (Blondin, 1989; Diimenil
and Todini, 1992).

Some of the modifications to the ECHAM3 model included in this work are part of a
project aimed at developing the cycle-4 of the ECHAM general circulation models. The
modifications included in the ECHAM3.5 model are here summarized:

(i) A new vertical structure of the hybrid sigma-pressure vertical coordinate used in
ECHAM3. The model top was raised from the original 10 hPa (middle stratosphere) to
0.1 hPa (middle mesosphere) and the number of vertical levels was increased from 19 to
35. Particular care was taken to ensure a smooth decrease in resolution with height and
a resolution slightly higher than that in ECHAM3 near the tropopause (about 1.5 km
instead of about 2 km in ECHAM3). The ECHAM3 vertical structure is therefore
maintained from the surface to 500 hPa only, while above 500 hPa a finer resolution is
used. The vertical structures of ECHAM3 and ECHAM3.5 are compared in Fig. 1.

(ii) A semi-Lagrangian transport scheme (Rasch and Williamson, 1990) for water vapor
and cloud water. This scheme substitutes the previous Eulerian horizontal and vertical
advection of cloud water and water vapor. With the introduction of the semi-Lagrangian
transport, horizontal diffusion of cloud water and water vapor was also eliminated, while
vertical diffusion was kept. The behavior of the semi—Lagrangian scheme was validated
by E. Roeckner.

(iii) A radiation scheme (Morcrette, 1991) aimed at being flexible to the introduction of
exotic trace gases and aerosols and being able to take into account cloud-radiation
interactions in considerable detail. This radiation scheme was slightly modified in the
longwave radiative transfer calculation to incorporate the Doppler broadening at low
pressure, by adding a small constant to the absorber amount, following Fels (1979) and
Schwarzkopf and Fels (1991). The longwave cooling rates computed with the original
Morcrette (1991) scheme, the modified scheme, and more detailed radiative transfer
models that include Doppler broadening, namely a narrow band model (Morcrette et a1.
1986) and the GFDL line by line model (Schwarzkopf and Fels, 1991) are shown in
Fig.2. When the Doppler broadening is taken into account, the Morcrette scheme gives
cooling rates in agreement with that from both the narrow band and the line by line
models. The general circulation model - radiation scheme interface was also slightly
modified. Between full radiation time steps (the time interval during which the radiative
transfer calculation is not updated) a constant net longwave radiative flux is now
assumed instead of the original constant effective emissivity. This change was motivated
by a numerical instability arising at low pressure when the constant effective emissivity
method was used. The source of this instability was traced down to be directly connected
to the computation done between full radiation time steps by successfully integrating the
GCM with the radiative transfer calculation updated every time step.
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Figure 1 Schematic representation of the pressure levels for the ECHAM3 (19 vertical levels)
and ECHAM3.5 (35 vertical levels) models.
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Figure 2 Longwave radiative cooling rates computed from the Morctrette parametrization
(dashed); the modified Morctrette parametrization (long dashed); the Morctrette
narrow band model (short dashed); and the GFDL line by line model (solid).
Column integrations for Tropical (TRO), Mid-Latitude-Summer (MLS), and
Sub—Arctic-Winter (SAW) atmospheres (Courtesy of M. Giorgetta).



(Ddu) aanssaad(can) aanssaad

55%
S

„w
„o

„v
‚N

„H
„Wo

„wo
„S

„3o
H

2:880
E?

53$
5880

93
E2

5305
bzw

meat
3&3

Eng
„E2

5&3
bang

ä
Age

.366
5
:5

3
5
v

0:80
888

Eng
£38

m
EEoE

2t
wo

25:08
mmoö

1
3
2
2
.8

2
m

8:m

Om
won

wow
mom

ooow

II
K;

o

HHHHHHHHHHHHHHHHHHHHHHHH7HHHHHHHHHHHHHHHHHHHHHHHHHHHHHI
or

s,.
.
<

.
aI

on

IllllIIII
on

I
oo

«.0or
ono¢omOm

„>saav
no

mu<
o„_a2

(wx) lHSIBH(ma) lHOlBH

(Ddu) aunssaad(Ddu) aanssaad

ooow

Dow

orcoop

oop

ow

zom
Zoo

zon
Om

won
wow

wow

fi
t
?

I
„„

\
J

A>saav
no

z<1
o*_az

on0*onow0—ONon0*on00

(mn) lHOI3H(wn) lHOIHH



(iv) A prescribed ozone field given by the monthly mean, zonal mean distribution
computed with a chemical model (Brühl, 1993) and available from the surface to 0.1
hPa. Meridional cross sections of the ozone distribution for January, April, July and
October are shown in Fig.3.

(V) A 2dV4 linear horizontal diffusion operator applied to divergence, vorticity, and
temperature, with a slightly larger damping time for the latter two fields.

(vi) A three—layer Rayleigh friction applied to vorticity and divergence at the top of the
model. This upper-layer damping reduces spurious reflection from upward propagating
waves and crudely represents the impact of unresolved mesospheric gravity waves. The
damping coefficients from the top are: (1d)'1, (4d)'1, (16d)'1. The damping coefficients
are set to zero for the global mean (0,0), and the large scale waves (0,1) and (1,1), as is
done for the horizontal diffusion.

In the 20-year simulation performed with the ECHAM3.5 model a T21 horizontal
truncation was used. The seasonal cycle in solar radiation was included and
climatological monthly mean sea surface temperatures, computed from the so called
AMIP 1979-1988 data set (Gates, 1992), were employed. The ozone distribution also
varied on a monthly basis as a results of the seasonal cycle included in the chemical
model. The diurnal cycle was excluded from the simulation, thus allowing to update the
radiative transfer computation every 6 hours. The solar constant and the CO2
concentration were fixed to present day values. Prior to the 20-year simulation, a total
of 14 months were additionally integrated, to allow for spinup. The initial conditions
were obtained by a previous integration performed with a slightly different version of
the ECHAM3.5 model. Note that the present integration was performed without any
orographic gravity wave drag parametrization.

Given that the global observations available reach only 1 hPa (see Section 3) and that
the ECHAM3.5 model dynamics can be affected by the upper layer damping above 1
hPa (see Fig.1), results in the following sections will only be presented up to l hPa.

3. The dataset of global observations

The dataset of global observations used in the present work was compiled by Randel
(1992) from daily geopotential height analyses and consisted of a 12-year climatology
(1979-1990) of the troposphere and stratosphere. The daily analyses in the troposphere
were originally produced by the National Meteorological Center (NMC) from their
operational system at pressure levels 1000, 850, 700, 500, 400, 300, 250, 200, 150, and
100 hPa. In the stratosphere, at pressure levels 70, 50, 30, 10, 5, 2 and l hPa, the daily
analysis were derived from radiosonde and satellite observations by the Climate
Analysis Center (CAC), a department of NMC. For further description of the data see



Randel (1992).

Monthly means of geopotential height fields were kindly provided by W.J. Randel. The
dataset consisted of Fourier coefficients up to zonal wavenumber six on a 40-point
Gaussian grid (R15) in latitude at the 17 vertical pressure levels specified above.

Shorter records of this dataset have been widely used in previous investigations of the
stratospheric climate and variability, see for instance Geller et a1. (1983, 1984), Mechoso
et al. (1985), Boville and Randel (1986) and Hamilton (1994).

4. Midlatitude tropospheric circulation

The modifications reported in section 2 between the ECHAM3.5 and ECHAM3 models
do not appear to dramatically alter the midlatitude large scale tropospheric circulation in
the T21 version of the GCMs. This can be seen in Fig.4, where the climatological surface
pressure for the December - February (DJF) season from the 20-year simulation with the
ECHAM3.5 model is shown. Similarly to the ECHAM3-T21 simulation, the Icelandic
low pressure center is of reasonable magnitude but somewhat shifted and confined
south-westward. The behavior of the Icelandic low is known to improve at higher
horizontal resolution (Boville, 1991; Roeckner et al. 1992; Deque et a1. 1994). The
Aleutian low in ECHAM3.5 is slightly shallower than in ECHAM3, thus bringing the
modified model closer to ECMWF analysis results (see Roeckner et al. 1992 for the
ECHAM3 model and ECMWF analysis results).

The simulated 500 hPa 20-year DJF climatology is shown in Fig.5, at left. The East Asia
trough is of realistic magnitude, but the American ridge is barely visible. In the Atlantic
sector, the East American trough is too weak. These aspects of the simulation are know
to improve at higher horizontal resolution and/or using high-order linear horizontal
diffusion operators. A discussion of the effects of horizontal diffusion on the large scale
circulation can be found in Laursen and Eliasen (1989).

The interannual seasonal variability of the 500 hPa for the DJF season is shown in Fig.5,
at right. The amount of variability seen in Fig.5 is comparable to that of a 30-year
ECHAM3-T21 simulations with climatological forcing, although its geographical
distribution is slightly different in the two GCMs. In both GCMs the seasonal
interannual variability is about 70% or more of that computed from ECMWF analyses
in the mid-high latitudes (Arpe 1994, personal communication). The mid-high latitude
low frequency variability is indeed generally captured also in other low resolution
GCMs with climatological sea surface temperature, see for instance Lau and Nath
(1987).

The deficiencies in the simulation shown by Fig.4 and Fig.5 can affect the stratospheric



Figure 4 Northern Hemisphere DJF time average surface pressure from the 20-year
ECHAM3.5 simulation. Contour: 5 hPa. The outer latitude cycle in this plot and
in the following polar stereographic maps is 20°N.

ECHAMSIn ..

Z5005pÖ‘Ä.....Q DJF sZ 500m DJF
Figure 5 Northern Hemisphere DJF time average 500 hPa geopotential height from the

20-year ECHAM3.5 simulation (contour: 8 dam) at left. Northern Hemisphere DJF
interannual variability (standard deviation from the DJF 20-year average,
contour: 1 dam) at right.



circulation by altering the tropospheric mechanisms forcing vertically propagating
planetary waves. The purpose of this work is therefore limited to evaluate the first order
characteristics of the large scale, long term time average state of the stratosphere and its
interannual variability.

5. Zonal Mean Circulation

In this section the behavior of the general circulation is presented by meridional cross
sections of the zonal mean temperature and zonal wind. The seasonal climate is
summarized by considering the December, January and February average (DJF). The
interannual variability in the stratosphere is know to show large intraseasonal variations
and to generally increases from early to late winter. In the Northern Hemisphere the
interannual variability is usually largest in February and March, during the polar vortex
breakdown (see for instance Naujokat et al., 1988). The meridional cross sections of the
interannual variability (standard deviation) are therefore calculated and presented on a
monthly basis.

Fig.6 shows the zonal mean temperature for the DJF time average, from the NMC—CAC
observations and the ECHAM3.5 simulation. The NMC-CAC climatology is a 12-year
average (1979-1990), while the ECHAM3.5 climatology is a 20-year average. Averages
from the simulation on a time scale comparable to the length of the analyses record, i.e.
10 years, give virtually identical fields.

The NMC-CAC observations (Fig.6, upper panel) show that in the troposphere the
climatological zonal mean temperature rapidly decreases with height, the coldest
temperature (about 2000K) occurring at the equatorial tropopause. In the tropics and in
the Southern Hemisphere (SH), the climatological zonal mean temperature increases
with height above the tropopause. In the Northern Hemisphere (NH) the climatological
zonal mean temperature decreases with height up to the lower stratosphere, where
another local minimum of about 210°K is found. At the stratopause the zonal mean
temperature is largest at the South Pole (about 280°K).

The general behavior of the simulated DJF time average zonal mean temperature (Fig.6,
lower panel) is considerably close to the observed one. In the troposphere the
climatological zonal mean temperature rapidly decreases with height and the equatorial
tropopause minimum is of realistic magnitude (about 200°K). In the tropical stratosphere
and in the Southern Hemisphere stratosphere the climatological zonal mean temperature
increases with height in reasonable agreement with observations, although the
maximum at the stratopause South Pole is underestimated, not exceeding 2700K. In
addition, in the upper troposphere and lower stratosphere of the Northern Hemisphere
the minimum is about 5°—lO°K colder in the model. A global cold bias of few degrees at
the tropopause is also apparent.

10
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Figure 6 DJF time average zonal mean temperature from the 12-year NMC-CAC
observations (upper panel) and from the 20-year ECHAM3.5 simulation
(lower panel). Contour: 10° K.

The corresponding DJF time average zonal mean zonal wind is shown in Fig.7. Good
features of the simulation include the clear separation between the tropospheric and
stratospheric westerly jets in the NH lower stratosphere and the confinement to the
troposphere of the subtropical jet in the Southern Hemisphere. In the troposphere, the
location of the subtropical jets is well represented in the simulation. The summer jet is
however stronger (5-10 mS'1 more) than that seen in the NMC—CAC data. In the lower
stratosphere, the observed and simulated stratospheric westerly jets are of comparable
magnitude and are both strongest around 60°-70°N. In the upper stratosphere the
simulated westerly jet is instead too weak equatorward of 50°N and too strong poleward
of 60°N. The polar confinement of the simulated westerly jet is a particularly
pronounced feature in the December and January climatologies, while it is absent in
February. This is shown in the Appendix (Fig.Al and Fig.A2) where the climatological
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Figure 7 DJF time average zonal mean zonal wind from the 12-year NMC-CAC observations
(upper panel) and from the 20-year ECHAM3.5 simulation (lower panel).
Contour: 10 ms' .

monthly mean, zonal mean zonal winds for the three winter months from the NMC-CAC
and ECHAM3.5 datasets are respectively shown. Note that Fig.A1 and Fig.A2 also show
that the observed abrupt decrease in strength in the stratospheric westerly jet from
January to February is well simulated by the ECHAM3.5 model. In the Southern
Hemisphere, both the observed and simulated easterly mean winds are weak in the lower
stratosphere. In addition, the observed and simulated easterly mean jets have
comparable magnitudes and peak between 1008 and 30°S.

The most likely cause of the polar confinement of the winter stratospheric jet and of the
cold polar bias in the lower stratosphere is an improper treatment of both resolved and
unresolved gravity waves in low resolution GCMs. The cold bias at the South Pole
stratopause (Fig.6) may instead be related to the location of the model top in the middle

12



mesosphere (0.1 hPa, that might be too low) and/or to unrealistic effects of the
mesospheric drag on the mean meridional circulation (that might be too strong).

The interannual variability (standard deviation) of the monthly mean, zonal mean
temperature from the NMC—CAC 12-year average is shown for December, January and
February in Fig.8. Most of the variability in the Northern Hemisphere arises from
interannual variations in the large scale stratospheric circulation. The stratospheric
extra—tropical circulation is known to be strongly affected by vertically propagating
planetary waves (Charney and Drazin, 1961). Episodes of anomalously large planetary
waves can substantially displace the westerly vortex and therefore cause sudden
warmings of the stratosphere in the polar region (Matsuno, 1971; Labitzke, 1981). In the
Southern Hemisphere and in the tropics, causes associated with direct external forcing
should be responsible of most of the variability seen in Fig.8, although spurious
variability (of the order of few degrees) due to changes in data acquisition also
contribute in the upper stratosphere, above 10 hPa (Randel, 1992; Finger et al., 1993).

In the Northern Hemisphere, the December interannual variability of the zonal mean
temperature increases poleward and reaches 6°K in the lower—middle stratosphere
(Fig.8, upper panel). The variability seen in December in the Southern Hemisphere is
presumably associated with the final stages of the SH polar vortex breakdown. In
January (Fig.8, middle panel), the interannual variability is larger than in December
throughout the whole stratosphere, poleward of 60°N. The interannual variability in the
NH high latitudes also increases from January to February, especially in the upper
stratosphere. The increase in interannual variability from December to January and
February seen in the NMC-CAC data is consistent with the generally observed
occurrence of major and/or final sudden stratospheric warming events in late winter.
This is illustrated for instance by the frequency distribution of the North Pole monthly
mean temperature at 30 hPa from NH observations subjectively analyzed at the Free
University Berlin, recently updated in Pawson et a1. (1993)

Fig.9 shows the interannual variability of the monthly mean, zonal mean temperature
from the 20-year ECHAM3.5 simulation. Fig.9 indicates that a considerable amount of
variability is present in the simulation during the NH winter season and that the
simulated variability increases from December to January and February, in broad
agreement with observations (Fig.8). Moreover, the simulated variability is also
negligible in the tropics and in the Southern Hemisphere (except close to the South Pole
in December, lower stratosphere), supporting the external and/or spurious origin of the
variability outside the Northern Hemisphere in the NMC-CAC data. The few degree of
variability in December near the South Pole must be associated with the late breakdown
of the Southern Hemisphere polar vortex. Although the simulated standard deviation in
zonal mean temperature increases poleward as in the observations, its vertical structure
somewhat disagrees with that shown in Fig.8. Firstly, in the upper troposphere and lower
stratosphere the December interannual variability is substantially underestimated in the

13
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Figure 8 Monthly interannual variability (standard deviation) of the zonal mean temperature
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GCM. Secondly, in January and February the simulated variability is largest in the
middle and lower stratosphere. Note however that the NMC-CAC variability in the zonal
mean temperature in the upper stratosphere can be actually overestimated (Finger et al.,
1993). The December underestimation may be caused by insufficient horizontal
resolution in the troposphere, hence leading to a weak dynamical forcing of the
stratosphere. The behavior in the middle stratosphere may be related to an excessively
large temperature gradient over the North Pole at 10 hPa (see section 5 and Fig.A3,
upper panel) that could spuriously amplify variations in the monthly mean temperature.

The monthly interannual variability of the zonal mean zonal wind from the 12— year
NMC-CAC observations is presented in Fig. 10. The corresponding simulated fields for
the 20-year ECHAM3.5 simulation are shown in Fig.11.
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The December NMC-CAC interannual variability zonal mean zonal wind is
characterized by two large maxima in the NH stratosphere, and a third weaker maximum
at the equatorial stratopause (Fig.10, upper panel). The NH variability peaks should be
associated with displacements of the polar westerly vortex, while the equatorial
variability might be connected to variations in the semi-annual oscillation in zonal wind
at the equatorial stratopause. The largest variability in the zonal mean zonal wind is
located between 30°N and 40°N in the upper stratosphere. The second variability
maximum is located between 60°N and 70°N and extends throughout most of the
stratosphere. In December, the simulated interannual variability in zonal mean zonal
wind (Fig.11, upper panel) is characterized by a pattern similar to that observed.
However, both the NH variability maxima are shifted northward by about 10° of latitude
in the model and the maximum at high latitudes is not sufficiently deve10ped in the lower
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from the first decade of the ECHAM3.5 simulation (upper panel) and from the
second decade of the ECHAM3.5 simulation (lower panel). Contour: 2 ms'l.
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stratosphere. The January interannual variability of the zonal mean zonal wind from both
the NMC-CAC data (Fig.10, middle panel) and the simulation (Fig.11, middle panel)
show one major peak, located poleward of 30°N. Also during January the variability is
somewhat underestimated in the lower stratosphere in the model. A change in the
behavior of the simulation appears to occur in February, when the simulated stratosphere
(Fig. 1 1, lower panel) clearly show a high level of interannual variability at middle and
high latitudes, quite comparable to the observed one (Fig.10, lower panel). The region
of enhanced variability is shifted poleward in the simulation also in January and
February. This poleward shift with respect to observations may be associated with the
poleward confinement of the simulated climatological stratospheric westerly jet (see
Fig.7).

Contrary to the behavior of the climatological averages, in February the simulated
monthly interannual variability computed from a 10-year sample can be quite different
from that shown in Fig.9 and Fig.11, computed from the full 20-year sample available
from the integration. This is illustrated in Fig.12 and Fig.13, where the February
interannual standard deviation is separately computed from the first and from the second
decade of the 20-year simulation. Fig. 12 and Fig. 13 respectively shows the interannual
variability of the zonal mean temperature and zonal wind. Clearly, during the second
decade the February interannual variability is about half that of the first decade. The
cause of this apparently low-frequency variation during February is further analyzed in
the next section. In January and December, on the other hand, the two decadal
integrations are characterized by only slight changes in the monthly interannual
variability (not shown).

6. Quasi-stationary planetary waves

Polar stereographic maps at selected pressure levels are presented, in order to evaluate
the simulated quasi—stationary planetary waves against the NMC-CAC observations.
Long term averages and monthly interannual standard deviations were calculate from
monthly mean geopotential height and temperature fields. In the following, the results
obtained from the monthly mean temperatures are shown.

The Northern Hemisphere DJF time average temperature at 50 hPa from the 12-year
NMC-CAC observations and the 20-year ECHAM3.5 simulation is shown in Fig.14.
The simulated DJF climatological temperature clearly captures the stationary wave
pattern seen in the NMC-CAC data. Both the observed and simulated climatological
temperatures are characterized by warm air over the North-Western Pacific Ocean and
cold air north of Scandinavia. Fig.14 also show that the magnitude of the model's polar
cold bias is within about 5°K in the lower stratosphere.

The DJF time average temperature in the middle and upper stratosphere (shown in the
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Figure 14 Northern Hemisphere DJF time average temperature at 50 hPa from the 12-year
NMC-CAC observations (at left) and from the 20-year ECHAM3.5 simulation
(at right). Contour: 5O K.

Appendix, Fig.A3) indicate that the simulation captures the structure and the westward
phase tilt with height of the observed quasi- stationary planetary waves. However, the
amplitude of the simulated planetary waves seems to be generally overestimated in the
middle and upper stratosphere. In addition, the model's cold polar bias is worse at 10 hPa
than in the lower stratosphere (at 50 hPa, Fig.14) and over the North Pole the simulated
climatological temperature gradient is too large. The model's cold polar bias is virtually
disappeared at l hPa.

The interannual variability of the monthly mean temperature for December, January and
February at 50 hPa from the NMC—CAC observations and ECHAM3.5 simulation are
shown in Fig. 15.

In December the observed variability (Fig. 15a) has a roughly zonally symmetric pattern,
increasing poleward from about 3°-4°K at 60°N to 6°K at the North Pole. The inspection
of the individual NMC-CAC monthly mean temperatures for the 1979-1990 period
suggests that the planetary wavenumber one is a dominant feature of the circulation in
December, although its pattern may be modulated by amplifications/reductions of the
Aleutian high. An exception is December 1987, when the cold air center north of
Scandinavia virtually disappeared. In December 1987 an unusually early winter major
warming was indeed reported also from other observations (Naujokat et al., 1988).
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Figure 15 Northern Hemisphere monthly interannual variability (standard deviation)

temperature at 50 hPa from the 12-year NMC-CAC observations (left column)
and from the 20-year ECHAM3.5 simulation (right column) for (a) and
(b) December; (0) and (d) January; (e) and (f) February. Contour: 10 K.
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The December simulated variability (Fig.15b) is comparable to that observed over
Northern Canada and North-East Asia, where it reaches 5°K. North of Scandinavia the
monthly interannual variability is instead quite low in the GCM, barely exceeding 1°K.
The individual monthly mean temperatures from the 20-year simulation indicate that in
the model the cold air center is locked to the December climatological position and
magnitude (similar to that shown in Fig. 14). This behavior therefore explains the lack of
variability north of Scandinavia seen in Fig.15b, and suggests that the model cold bias
and the variability low might be strongly interdependent. Moreover, the persistent
dominance of planetary wavenumber one in the 20 simulated Decembers appears to
impede the occurrence of any warming event so strong and long enough to be visible in
a monthly mean, as in the case of December 1987. The major cause of interannual
variability in the model appears to be the stretching of the North-Western Pacific warm
air center toward Asia or alternatively North America. This is actually a realistic feature,
characterizing most of the NMC-CAC interannual variability. The simulated interannual
variability of the monthly mean geopotential height (not shown) was also found to be
comparable to that observed in proximity to the Aleutian high and severely
underestimated north of Scandinavia, consistently with the monthly mean temperature
variability pattern. In the middle and upper stratosphere the simulated interannual
variability behaves in a similar way, with localized regions of enhanced and/or reduced
variability (not shown).
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The observed January interannual variability peaks over North-Eastern Asia, at about
70K, see Fig.150. The individual NMC-CAC monthly mean temperatures show that also
during January the planetary wavenumber one pattern is a rather stable feature in the
lower stratosphere. During 1979-1990 the wavenumber one is indeed clearly present in
every year except in January 1985, when a major mid-winter warming occurred (see also
Naujokat et al. 1988). Fig.15d shows that the simulated January interannual variability
is comparable in magnitude to that observed over North America and over North-
Eastern Asia, reaching at 60K. Fig.15d also shows that the variability low characterizing
the North—Western Atlantic region in December is only slightly alleviated in January.
Monthly mean temperatures from individual model year indicate that the lower
stratospheric circulation is dominated by a persistent planetary wavenumber one pattern,
as in the observations. Similarly to the December monthly mean temperatures, most of
the simulated variability appears to be caused by warm air tongues wrapping around the
cold air center. This behavior is in qualitative agreement with that of the NMC-CAC
monthly mean temperatures. However, in the simulation the cold core of the polar vortex
appears to be overly static and deep, similarly to the December case. Again, no monthly
mean warming like January 1985 were found in the individual monthly mean
temperatures from the 20 simulated Januaries. The main reason to this is presumably the
low horizontal resolution used in the simulation.

The NMC—CAC interannual variability continues to increase in the middle and upper
stratosphere, while in the simulation the variability starts to decrease in the upper
stratosphere. Given the uncertainty in both observations (change in data acquisition,
Finger et al. 1992) and simulated data (proximity of the upper-layer damping), the upper
stratosphere is not analyzed in detail in this work.

In February (Fig.15e) the observed interannual variability over Europe and the North
Atlantic Ocean is about 30% larger than that of the two previous months, ranging from
5°K-6°K at 60°N to 9°K north of Scandinavia. The increase in variability in late Winter
was already noted in the meridional cross sections. In the ECHAM3.5 model the rate of
increase in variability from December to February is actually even larger, reaching a
maximum north of Scandinavia (Fig.15f). The sharp variability minimum seen in
December over Europe and the North Atlantic Ocean virtually disappeared in February,
when the simulated interannual variability compare well with that observed. The
location and intensity of the variability maximum are somewhat different in the
ECHAM3.5 and NMC-CAC data. However, the characteristic variability maximum is
very much influenced by a few extreme months, suggesting that a dataset longer than 12
years would be necessary to settle the variability distribution. The February interannual
variability at 50 hPa based on a 28 year record (Free University Berlin, see Pawson et a1.
1993) shows indeed a slightly more zonally symmetric pattern.

The interannual standard deviation of the February mean temperature at 10 hPa is shown
in Fig. 16. Note that the simulated variability is computed from the 20-year record (upper
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Figure 16 Northern Hemisphere February interannual variability (standard deviation)

temperature at 10 hPa from the 12-year NMC-CAC observations (upper left);
from the 20-year ECHAM3.5 simulation (upper right); from the first decade
of the ECHAM3.5 simulation (lower left); and from the second decade of the
ECHAM3.5 simulation (lower right). Contour: 10 K.
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panel, on the right) as well as from the first and second decades separately (lower
panels). Consistently with the meridional cross sections of the February interannual
variability of the zonal mean temperature, the polar stereographic maps show that the
interannual variability of the February temperature at 10 hPa is larger than that at 50 hPa,
both in the observations and in the model. The interannual variability computed from the
20-year record compare well with that derived from the NMC-CAC analyses, both in
magnitude and in structure.

As expected from the monthly mean, zonal mean results (see Fig.12 and Fig.13), the
simulated variability of the February mean temperature at 10 hPa for the first decade is
about twice that computed from the second decade (Fig.16, lower panels). In addition,
the interannual variability in the first decade is characterized by a single maximum,
north of Scandinavia, while two distinct maxima occur in the second decade, one over

Northern Europe and the other north of Northern Canada. A similar behavior is obtained
for the interannual variability computed from the two decades separately at 50 hPa and
from the monthly mean geopotential height field (not shown).

An inspection of the ECHAM3.5 individual February temperatures at 50 hPa shows that
on two occasions, namely year 7 and year 10 of the 20—year integration, the simulated
monthly mean polar temperatures are much warmer than the climatological average,
thus suggesting the occurrence of sudden stratospheric warming type events. The
intensity of the two simulated polar warmings are indeed comparable to that observed in
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Figure 17 Northern Hemisphere monthly mean temperature at 50 hPa for the NMC-CAC
February 1987 at right and for the ECHAM3.5 February year 10 at left.
Contour: 5° K.
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February 1987, when a major mid-winter warming occurred (Naujokat et al. 1987). This
can be seen in Fig.17, where the NMC—CAC February 1987 mean and the ECHAM3.5
February temperature for year 10 at 50 hPa are reported. This result suggests that the
reason for the difference in the two 10-year samples during February (Fig. 12, Fig.13 and
Fig.16, lower panels) is caused by the occurrence of two extreme warmings within the
first decade (year 7 and 10), while none of such events were found during the second
decade. Note that the North Pole temperature observations reported from Naujokat et a1.
(1988) for the NH winter from 1966 to 1988 show that an interval of 10 years or more
between February major warmings could actually be realistic.

The intensity of the simulated warming can also be seen in Fig.18, where the monthly
mean, zonal mean zonal wind for February 10 is show, lower panel. For comparison,
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also the NMC-CAC February 87 zonal mean zonal wind is presented, upper panel.
Clearly, in both the observed and simulated Februaries the occurrence of the polar
warming was strong enough to reverse the zonal mean circulation poleward of 60°N in
the middle stratosphere. This result indicates that a spontaneous major and/or final
warming occurred in the simulation. Further detailed analyses of the daily evolution of
the simulated warmings are beyond the purpose of this work and will be examined in a
following paper.

7. Conclusions

The climate and the natural variability of the stratosphere from a model simulations and
from global observations have been examined. The simulation was performed with the
newly developed ECHAM3.5 general circulation model, integrated for 20-years, and the
global observations were compiled by Randel (1992) from 12-year NMC—CAC
operational analyses.

The ECHAM3.5 model is a modified version of the ECHAM3 general circulation model
and is part of a general project aimed at developing the cycle-4 of the ECHAM general
circulation models. Novel model features with respect to ECHAM3 include a semi-
Lagrangian transport of liquid water and water vapor, the Morctrette (1991) radiation
scheme, and a prescribed ozone distribution available from the surface to 0.1 hPa. Most
importantly, the ECHAM3 vertical structure was extended from 19 to 35 vertical levels
and the model top was raised from 10 hPa to 0.1 hPa. In addition, an upper layer damping
was included in the mesosphere (i.e., above 1 hPa). In this work the focus was on
evaluating the behavior of the ECHAM3.5 general circulation model in the stratosphere
in a long-term climate simulation. Therefore a relatively low horizontal resolution was
used (T21). The seasonal cycle in solar radiation was included in the simulation and
climatological sea surface temperatures were used. The simulation was performed
without any gravity wave drag parametrization.

The emphasis in the present paper was the stratospheric monthly mean circulation in the
Northern Hemisphere during the winter season. The evaluation of the model
performance during other seasons and the analysis of daily variability are in progress and
will be reported later.

It was found that the December—January climatology of the observed zonal mean
temperature and zonal wind is reasonably well simulated by the ECHAM3.5 model. The
broad features of the zonal mean circulation are well captured by the model. For
instance, in the lower stratosphere the simulation is characterized by weak winds and is
dominated by quasi-stationary planetary waves. The tropospheric subtropical jets are
clearly separated from and the zonal wind jets in the stratosphere, and the simulated and
observed stratospheric zonal winds are of comparable strength. However, the simulated
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stratospheric westerly winds do not show the equatorward tilt with height present in the
observations. Associated with this polar confinement of the westerly stratospheric winds
is a systematic cold bias in the polar lower stratosphere and upper troposphere, of about
5°- 1 0°K.

The polar confinement of the winter stratospheric jet and the cold polar bias (related by
means of the thermal wind equation) are problems common to other GCMs, see for
instance Boville (1991) for the NCAR CCMl model and Hamilton et al.(1994) for the
GFDL SKYHI model. The most likely cause of these model deficiencies is an improper
treatment of both resolved and unresolved gravity waves in low resolution GCMs. Some
alleviation of the cold polar bias appears indeed to be achieved either by substantially
increasing the horizontal resolution (Mahlman and Umscheid, 1987; Hamilton et al.
1994) or by including subgrid scale gravity wave drag (Boville, 1991). As far as the
Northern Hemisphere is concerned, probably the consideration of orographic forcing
only in a gravity wave drag parametrization may be sufficient. The imposed mesospheric
drag at the upper boundary in the ECHAM3.5 simulation (a crude way to represent
mesospheric subgrid scale gravity wave drag) in part corrects the magnitude of both the
easterly and westerly stratospheric jets, thus improving the simulation of the upper and
middle stratosphere. The imposed mesospheric drag however does not appear to affect
the structure of the polar night jet in the early NH winter season. A recent review and
discussion about the role of planetary and gravity waves in maintaining the general
circulation of the stratosphere can be found in McIntyre (1992).

This study has also shown that a considerable amount of monthly interannual variability
is present in the ECHAM3.5 simulation during the NH winter season in the stratosphere.
Several aspects of the interannual variability have been examined, namely the
interannual variability of the monthly mean, zonal mean circulation and the
geographical distribution of variations in the monthly mean temperatures. It was found
that both the NMC-CAC observations and the ECHAM3.5 simulation show a tendency
for the interannual variability to be larger in January and, especially, in February than in
December. In early winter, however, the simulated variability is underestimated in the
lower stratosphere and upper troposphere. Given that in February the simulated
interannual variability is generally comparable to that observed, the seasonal rate of
increase of the variability is somewhat exaggerated in the model. It is interesting to note
that the February simulation, when the model appears to be able to capture the kind of
extreme variability present is the observations, is clearly distinguished from the
December and January months, when extreme warm events do not occurs in the
simulation. That a correct simulation of the interannual variability in early winter may
be a more difficult task is also indicated by the results of Hamilton (1994).

The geographical distribution of the interannual variability of the December monthly
mean temperature suggests that in the ECHAM3.5 model the dynamical processes
responsible for the interannual variability may be inhibited by the model's polar cold
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bias, somewhat more pronounced in early winter. Other reasons for the underestimation
of the variability in the lower stratosphere and upper stratosphere may of course be
related to deficiencies in the tropospheric simulation associated with the low horizontal
resolution used.

An interesting and important point emerged from this work is that during February
substantially different behaviors were obtained when the monthly interannual variability
was computed from a 10-year sample of the simulation only. This results appears to be
caused by the occurrence of two major warming type events during the first decade of
the 20-year simulation, while none during the second decade, a result not in
disagreement with observations. The fact that significant differences can occur between
10—year samples indicates that much longer integrations (quite probably even longer
than the 20-years considered here) would be necessary for any firm conclusion
concerning interannual variability.
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Figure A1 12-year NMC-CAC time average zonal mean zonal wind for December
(upper panel); January (middle panel); and February (lower panel).
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