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Abstract. Climate simulations of the middle atmosphere circulation with general
circulation models are now starting to include parameterizations of the momentum
flux deposition due to unresolved gravity wave spectra. A current uncertainty
in the application of such parameterizations is the specification of the imposed
gravity wave spectrum. The aim of this work is to quantify the effect of varying
within a realistic range the source spectrum of a gravity wave parameterization in
a general circulation model. Results from two simulations with the gravity wave
spectrum launched at two different heights, the surface and the 110-hPa pressure
level, respectively, are compared. Noteworthy differences found in the simulated
middle atmosphere response include the following (1) The average temperature in
the southern winter upper stratosphere is about 40 K warmer in the experiment
with the surface as the launching height, virtually eliminating the typical cold polar
bias that affects many general circulation models. (2) Stronger easterlies in the
subtropical summer mesosphere, again in the experiment with the surface as the
launching height. Diagnostics of the parameterized gravity waves indicate that in
the experiment with the surface as the launching height, the net zonal momentum
flux transported by the gravity waves is negative just above the troposphere at
middle latitudes. This negative net momentum flux facilitates the deceleration
of the mesospheric winter westerlies. The meridional circulation induced by such
deceleration is thereafter responsible for the substantial polar winter warming. In
contrast, in summer the negative net momentum flux limits the upper mesospheric
deceleration of the easterlies. In the experiment with launching height at 110-hPa,
the gravity wave net momentum flux is instead zero by construction at the launching

height.

1. Introduction

The momentum flux deposition from a spectrum of
upward propagating gravity waves is acknowledged to
be responsible for the reversal of the temperature gra-
dient at the mesopause and the formation of the win-
ter warm stratopause [Andrews et al., 1987; Hitchman
et al., 1989]. In addition to these local effects, meso-
spheric gravity wave breaking is know to exert a down-
ward control on the stratospheric temperature distribu-
tion [Haynes et al., 1991; McIntyre, 1992; Garcia and
Boville, 1994] and to contribute, together with plan-
etary wave breaking, to the dynamical driving of the
residual mean meridional circulation; i.e., the large-
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scale circulation that transports chemical constituents
and aerosols in the middle atmosphere [Holton et al.,
1995]. The importance of including this circulation in
deriving the impact of changes in the atmospheric com-
position that occur in the troposphere is a motivation
for developing climate general circulation models that
include the middle atmosphere. However such models
have to be integrated for a long time to address the cli-
mate problem and therefore have relatively low horizon-
tal resolution, clearly not enough to resolve the relevant
(i.e., small scale high frequency) waves. Therefore it is
of interest and still very much a field of experimentation
to test comprehensive parameterizations of the effects
of unresolved gravity wave spectra.

Parameterizations of the momentum flux deposition
from a continuous spectrum of gravity waves have re-
cently been developed in order to account for non-
orographic waves [Fritts and Lu, 1993; Medvedev and
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Klaassen, 1995; Hines, 1997a, b]. An uncertainty in
the application of such a parameterization is the speci-
fication of the source spectrum.

In this work a general circulation model is used to
examine the response of the circulation in the mid-
dle atmosphere to the variations of a parameterized
gravity wave source spectrum that are associated with
the change in the launching height of the source spec-
trum. Two 10-year simulations have been performed
with the general circulation model, one with a launch-
ing height for the continuous spectrum being close to
the tropopause and another with this source spectrum
launched at the surface. Within the current knowledge,
both options are reasonable although an idealization.
The purposes of this experimental design are to quan-
tify the sensitivity of the simulated circulation to two
extreme cases of the parameterized gravity wave forc-
ing and to determine a possible range of the model re-
sponses for the particular gravity wave parameteriza-
tion employed. The change in the circulation in the
middle atmosphere is first examined by looking at the
seasonal evolution of the zonal mean low-frequency re-
sponse as a concise way to summarize and evaluate the
basic behavior of the simulations (section 3).

In addition to analyzing the simulated response from
_the large-scale circulation, it is also of interest to ex-
amine differences in the propagation and dissipation of
the parameterized gravity waves in the two simulations.
This diagnostic of gravity wave parameters will illus-
trate the effects of the tropospheric wind on the grav-
ity wave spectrum in the case where the spectrum is
launched at the surface, and will elucidate the causes
of the changes in the middle atmosphere circulation
(section 4). Comparisons with similar gravity wave pa-
rameters inferred from observations might also suggest
which one of the two spectrum configurations at the
tropopause is more realistic.

A preliminary investigation of how stationary plane-
tary waves in the northern hemisphere winter are af-
fected by the imposed changes in the gravity wave
source spectrum is reported in section 5. Daily variabil-
ity and short time fluctuations, sudden stratospheric
warmings and transient waves will be addressed in a
subsequent paper.

2. Design of the Experiments

The general circulation model used is the middle at-
mosphere (MA) ECHAM4 model developed at the Max
Planck Institute in Hamburg. It is an upward extended
version of the ECHAM4 model. Most of the physical
parameterizations, particularly those that are relevant
mainly for tropospheric processes, and the basic model
structure are common to both models. A detailed de-
scription of the ECHAM4 model is given by Roeckner
et al. [1996a, b, and reference therein]. The major dif-
ferences between the two models include the specifica-
tion of the vertical coordinate and location of model top
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(ECHAM4 model, top at 10 hPa; MA/ECHAM4 model,
top at 0.01 hPa), the parameterization of the effects of
gravity waves, and a few modifications in the radiation
scheme and in the representation of the horizontal dif-
fusion. The model structure and parameterizations are
summarized in Table 1.

In the MA/ECHAM4 model the gravity wave param-
eterization consists of two parts, separately representing
the effects of the momentum deposition from orographic
gravity waves and from a continuous gravity wave spec-
trum. A modified version of the McFarlane [1987] pa-
rameterization is used to account for the orographic
gravity wave drag and will be described in a subse-
quent paper. The Doppler spread formulation of Hines
[1997a, b] is used to parameterize the effects of a con-
tinuous spectrum of nonorographic gravity waves (Table
1). The implementation of the Doppler spread param-
eterization (DSP) in the MA/ECHAM4 model follows
Manzini et al. [1997], with the exception of the way in
which the gravity wave source spectrum is prescribed.
Namely, the characteristic horizontal wavenumber, the
launching height, and the rms wind speed have been
modified in the current model version, as outlined be-
low.

Two 10-year simulations that differ only in how the
gravity wave spectrum is prescribed have been per-
formed with the MA/ECHAM4 model. In the first in-
tegration (CNTRL) the DSP gravity wave source spec-
trum is launched at 110 hPa with a constant gravity
wave rms wind speed of 1.75 m s~!. This spectrum
is isotropic relative to the resolved background wind
as simulated in the model. In the second integration
(EXP2) the source spectrum is launched at the surface
with an isotropic and constant gravity wave rms wind
speed of 1.5 m s~!. Both rms values of the wind speed
have been chosen on the basis of short (few months)
numerical experiments so as to ensure values in the
ranges of estimates from available observations in the
upper troposphere and lower stratosphere | Allen and
Vincent, 1995; Fritts and Nastrom, 1992).

Both simulations include a latitudinal dependence in
the characteristic horizontal wavenumber K*. This lati-
tudinal dependence has been introduced on the assump-
tion that the ratio of the model grid length to the ef-
fective gravity wave horizontal wavelength should vary
relatively slowly in latitude. We have taken this into
account roughly by choosing;:

K* = Kyin[cos8 + Kyrnv/Karax] ™t

(1)

where 8 is the latitude and Kjsrny and Kjprax are given
in Table 1.

For all simulations, the sea surface temperature field
is specified following the Atmospheric Model Intercom-
parison Project monthly mean climatology [ Gates, 1992],
the ozone distribution follows the monthly zonal mean
from the chemical model of Brihl [1993], and the di-
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Table 1. MA/ECHAM4 Model: Structure and Parameterizations

Structure/Process

Description

Prognostic variables

Discretization

Transport

Radiation

Gravity wave parameterizations

Cumulus convection

Stratiform clouds

Surface fluxes and vertical diffusion

Horizontal diffusion

Upper level dissipation

Vorticity, divergence, temperature, logarithm surface pressure, specific humidity,
mixing ratio of cloud water and a number of optional tracers. The model is
based on the primitive equations.

Spherical harmonic basis functions with T30 triangular truncation. Nonlinear
terms and parameterized physics on the associated Gaussian grid. Second-order
finite difference on a hybrid sigma-pressure coordinate system with 39 vertical
layers, from the surface to 0.01 hPa (80 km). The vertical resolution is
slowly decreasing with height and is about 2 km in the lower stratobsphere.
Semi-implicit time stepping scheme with a weak filter. A time step of 900 s
is used. The radiation scheme is updated every 2 hours. updated every 2 hours.

The advection of water components and tracers is calculated by using
a semi-Lagrangian transport scheme [Williamson and Rasch, 1994].

The radiation scheme is adopted from ECMWF [Fouquart and Bonnel, 1980;
Morcrette, 1991}, with a few modifications: Voigt line shape correction to take
into account Doppler broadening at low pressure, inclusion of additional
greenhouse gases and optional aerosols, revised parameterization for the
water vapor continuum [Giorgetta and Wild, 1995], and optical properties for
clouds [Roeckner, 1995].

The orographic gravity wave parameterization is based on the formulation
of McFarlane [1987]. The parameterization of momentum flux
deposition due to a continuous spectrum of vertically propagating gravity
waves follows Hines [1997a, b]. An azimuthally isotropic and constant
gravity wave variance is assumed at the launching height. At each grid point,
eight azimuths (E, NE, N, NW, W, SW, S, and SE) are considered. The
initial vertical wavenumber spectrum is proportional to the vertical wavenumniber.
The characteristic horizontal wavenumber is assumed to increase poleward
(Kmrin = 107° m™! and Kyax = 107* m_l).

Mass flux scheme for penetrative, shallow and midlevel convection
[ Tiedke, 1989], with modified detrainment and closure for penetrative
convection [Nordeng, 1994]. The scheme considers condensation,
evaporation, precipitation formation and convective transport of momentum,
heat, specific humidity, cloud water and tracers.

Cloud water mixing ratio prognostic equation following Sundgquist [1978]
to include fractional cloudiness. Sources/sinks due to condensation,
evaporation, precipitation and detrained convective cloud water
are considered [Roeckner et al., 1991]. The transport terms
include semi-Lagrangian advection and turbulent diffusion.

Turbulent surface fluxes of momentum, heat, specific humidity, cloud water
and tracers according to the bulk transfer relation. Above the surface layer,
the eddy diffusion method is applied. The eddy viscosity and eddy diffusivity
are parameterized in terms of the turbulent kinetic energy
[Brinkop and Roeckner, 1995].

The T30 model uses a V=% operator with a 6 hour damping time for the
highest wavenumber. The horizontal diffusion is enhanced at high
wavenumbers for CFL unstable conditions.

At the model top (for a number of levels), Rayleigh friction either on the total
flow or on the zonal waves only is optional. Neither is used in the standard version.

urnal and seasonal cycles are included in the radiative

transfer calculation.

In order to compare the simulations with observa-

3. Changes in the Zonal Mean Response

3.1. Seasonal Evolution of the Zonal Mean
Response

tions, the ECMWTF reanalysis data are used up to 50
hPa, the combined analysis data [Randel, 1992] from the
Climate Prediction Center and the National Centers for
Environmental Prediction (denoted as the NCEP data
set) from 10 to 1 hPa, as well as in the troposphere. For
the monthly mean zonal mean temperature and zonal
wind the CIRA(1986) data set is also used [Fleming et
al., 1990].

The latitude-tiine evolution of the zonal mean tem-
perature difference between the middle atmosphere model
control version, and the ECMWF reanalysis is plot-
ted at 100 and 50 hPa, in Figure 1. A 30-day run-
ning mean, averaged over 10 years for the simulation
and 15 years (1979-1993) for the reanalysis, is used to
illustrate the low frequency seasonal evolution. Fig-
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Figure 1. Difference between the CNTRL simulation
and the ECMWTF reanalysis, CNTRL-ECMWF, for the
30-day running mean of the zonal mean temperature:
latitude-time section (left) at 100 hPa and at (right) 50
hPa. The CNTRL temperature is a 10-year ensemble
mean. The ECMWTF reanalysis temperature is the en-
semble mean from a 15-year data set (1979-1993). The
contour interval is 5 K (light shading indicates positive
values).

ure 1 shows that in the lower stratosphere the zonal
mean temperature bias of the control integration with
respect to the ECMWF reanalysis is relatively small
(less than 5 K) throughout most of the year. Consis-
tently with a small temperature bias, it is found also
that the zonal mean low-frequency circulation in the
lower stratosphere is realistic, as shown by Figure 2,
which depicts the latitude-time evolution of the zonal
mean zonal wind at 50 hPa from the reanalysis and the
CNTRL experiment. In agreement with the ECMWF
reanalysis, in the model control integration it is found
that relatively strong westerlies (20-30 m s~!) occur
from the beginning of December to the end of Jan-
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Figure 2. Ensemble mean of the 30-day running mean
of the zonal mean zonal wind: (left) from the 15 year
ECMWF reanalysis and (right) from the 10-year CN-
TRL simulation, latitude-time sections at 50 hPa. The
contour interval is 10 m s~?.
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uary at 60°N, much stronger westerlies occur during the
southern hemisphere winter at polar latitudes (above 50
m s~! in August and September); easterlies are found
in the summer months (June - July in the northern
hemisphere and December - January in the southern),
and easterlies are also present in the tropics, stronger
at the summer side of the equator. The typical inter-
hemispheric asymmetry in the zonal mean zonal wind
strength and in its seasonal evolution (stronger winds
at the end the winter in the southern hemisphere versus
stronger midwinter winds in the northern hemisphere)
in the lower stratosphere is therefore well simulated in
this version of the model.

Note that with respect to the ECMWF reanalysis,
the zonal mean temperature bias of the control model
is quite small (less than 2 K) throughout most of the
troposphere while somewhat large (about 10 K) at 200
hPa in the polar regions (not shown). In this respect,
the middle atmosphere model is comparable to the
ECHAM4 model with top at 10 hPa [Roeckner et al.,
1996a).

Although the simulation of the lower stratosphere is
quite good in the control simulation, a high-latitude
temperature cold bias develops at lower pressure levels
during winter, Figure 3. During northern winter the
cold bias is still small at 10 hPa, while at 1 hPa it is
10-15 K during November and December, poleward of
60°N. In the southern hemisphere the simulated zonal
mean temperature is substantially colder, the largest
bias (30-40 K) occurring in July-August at 1 hPa (as
for the northern hemisphere, the bias is worse at 1 hPa).
Figure 3 also shows that in the southern hemisphere the
largest temperature bias occurs later in the season at
the lower pressure level (the largest bias is found during
September at 10 hPa and during July-August at 1 hPa).
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Figure 3. Difference between the CNTRL simulation
and the NCEP analysis, CNTRL-NCEP, for the 30-day
running mean of the zonal mean temperature: latitude-
time section (left) at 10 hPa and (right) at 1 hPa. The
CNTRL temperature is a 10-year ensemble mean. The
NCEP analysis temperature is the ensemble mean from
a 15-year dataset (1979-1993). The contour interval is
5 K (light shading indicates positive values).
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Figure 4. Ensemble mean of the 30-day running mean
of the zonal mean temperature from the 15 year NCEP
analysis: latitude-time section (left) at 10 hPa and
(right) at 1 hPa. The contour interval is 5 K (dark
shading, < 200 K; light shading, > 260 K).

At both pressure levels the largest temperature bias in
the southern hemisphere seen in Figure 3 therefore oc-
curs during the time of the zonal mean polar tempera-
ture increase, i.e., in late winter and early spring after
the seasonal temperature minimum (May at 1 hPa and
June-July at 10 hPa; see Figure 4). This behavior of
the southern hemisphere temperature is in contrast to
that of the northern hemisphere, where the largest bias
is found in late autumn and early winter. A possible
reason for this difference is that planetary wave break-
ing might play a larger role than gravity wave breaking
in the midwinter and spring circulation of the north-
ern hemisphere [Garcia and Boville, 1994; Manzini and
Bengtsson, 1996].

At 1 hPa an additional cold bias is found at polar
latitudes in the summer months of both hemispheres.
This cold bias might be related to the ozone distribu-
tion used or the treatment of the shortwave radiative
transfer, although a contribution from the gravity wave
parameterization cannot be excluded. Further experi-
ments are needed to clarify this point.

The winter polar temperature bias shown in Figure 3
is expected to be sensitive to the momentum flux depo-
sition from the gravity wave parameterization. General
circulation models are in fact known to produce insuffi-
cient dynamical driving of the stratospheric circulation
from the resolved scales [Boville, 1995; Hamilton et al.,
1995; Manzini and Bengtsson, 1996]. Generally, the
meridional temperature field in the middle atmosphere
as simulated using a general circulation model with a
reasonably comprehensive radiative transfer scheme but
no gravity wave parameterization (not even Rayleigh
friction on the mean flow) tends toward a temperature
field which is significantly different from the observed
one and is typical of a radiatively determined temper-
ature field such as that computed by Fels [1985] and
Shine [1987].
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In the present context the sensitivity to the varia-
tions introduced in the setting of the gravity wave pa-
rameterization in the EXP2 integration is illustrated
by the change in the temperature bias with respect to
the NCEP analysis (Figure 5). In both hemispheres
the winter EXP2-NCEP temperature difference is posi-
tive at 10 and 1 hPa, indicating a more than successful
abatement of the large cold bias present in the control
simulation. In fact, the presence of a warm bias sug-
gests too large a role played by the dynamical heating
associated with the gravity wave momentum flux depo-
sition, for the EXP2 simulation. At the 1 hPa level the
temperature warm bias is particularly large (more than
10 K) in the northern spring (February and March) and
in the southern autumn to early winter (April to July).
The control simulation was not particularly affected by
the cold bias at that level during those periods. The late
winter and spring (August to November) temperature
bias in the southern hemisphere at 10 hPa is relatively
small (5 K), suggesting a realistic breaking down of the
polar vortex in the EXP2 integration. Note that the
polar summer bias does not appear to be sensitive to
the changes in the gravity wave parameterization, sup-
porting other sources of errors, as suggested above. The
presence of large and even opposite departures from the
observed average state as those seen in Figure 3 and 5
illustrates how difficult it is to obtain absolute improve-
ments in a middle atmosphere general circulation model
without introducing spatial and temporal variations in
the gravity wave spectrum used in the parameteriza-
tion.

3.2. Meridional Cross Sections

In this section the sensitivity to the gravity wave pa-
rameterization is illustrated for the entire vertical do-
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Figure 5. Difference between the EXP2 simulation
and the NCEP analysis, EXP2-NCEP, for the 30-day
running mean of the zonal mean temperature: latitude-
time section (left) at 10 hPa and (right) at 1 hPa. The
EXP2 temperature is a 10-year ensemble mean. The
NCEP analysis temperature is the ensemble mean from
a 15-year dataset (1979-1993). The contour interval is
5 K (light shading indicates positive values).
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Figure 6. Ensemble mean of the zonal mean tem-
perature (top) from the CNTRL simulation and (mid-
dle) from the EXP2 simulation, with (bottom) the

CIRA(1986) average. January is at left, and July is &

at right. The contour interval is 10 K (dark shading
indicates < 200 K).

main, focusing on January and July zonal mean fields,
10-year ensemble means. These two months are in fact
representative of the most interesting changes occur-
ring between the two simulations. The temperature and
zonal wind meridional cross sections are shown in Fig-
ures 6 and 7, respectively. In this case the simulations
are compared to the CIRA(1986) reference atmosphere
[Fleming et al., 1990]. As expected from the latitude-
time sections shown previously, Figure 6 indicates re-
markable differences between the two model versions
for both the northern and southern winters, with the
EXP2 simulation generally warmer at polar latitudes
in the stratosphere.

In January, the northern polar lower stratosphere
temperature of EXP2 is 10-20 K warmer than that
of CNTRL. In addition, in January a modest warm-
ing is also found poleward of 30°N in the upper meso-
sphere, bringing the temperature there in closer agree-
ment with the CIRA(1986) data. Note, however, that
the CIRA(1986) mesospheric temperatures are based on
a limited data set, and may be affected by biases as large
as 10 K [Lawrence and Randel, 1996; Liibken and von
Zahn, 1991]. The northern winter polar stratopause in
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January is less pronounced in experiment EXP2 than
in CNTRL.

In the southern winter, large changes in the tem-
perature field between the two experiments are found
throughout all the middle atmosphere. The EXP2
warming of the polar stratosphere in July is accompa-
nied by a downward shift of about 10 km of the win-
ter separated stratopause (from 65 km in the control
simulation to 55 km in EXP2). The descent of the
stratopause in EXP2 is a direct consequence of the cir-
culation changes induced by the parameterized gravity
wave driving (see also Figure 8) and is responsible for
the occurrence of the largest temperature difference be-
tween 50 and 40 km, with the EXP2 simulation more
than 40 K warmer at the pole (compare also Figures 3
and 5, at 1 hPa). The comparison of the two simula-
tions with the July CIRA(1986) data indicates that the
typical cold bias affecting the CNTRL simulation of the
southern hemisphere winter is substantially reduced in
EXP2.

Concerning the summer upper mesosphere tempera-
ture, a 5 - 10 K cooling is found in July at the North Pole
in EXP2 versus control, consistently with a stronger
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Figure 7. Ensemble mean of the zonal mean zonal
wind (top) from the CNTRL simulation and (mid-
dle) from the EXP2 simulation, with (bottom) the
CIRA(1986) average. January is at left, and July is at
right. The contour interval is 10 m s~! (dark shading,
< -60 m s~1; light shading, > 60 m s~1).
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Figure 8. (right) Ensemble mean of the residual mean stream function from the CNTRL sim-
ulation and (left) difference between the EXP2 and CNTRL simulations, EXP2-CNTRL, of the
ensemble mean of the residual mean stream function. January is at top, and July is at bottom.
Contours for the CNTRL fields are 2.5 kg m~! s~ between 0.01 and 1 hPa, 25 kg m™! s™*
between 1 and 100 hPa, and 1000 kg m~! s~1, below 100 hPa. Contours for the difference fields
are 2.5 kg m~! s~! between 0.01 and 1 hPa 5 kg m~! s~! between 1 and 100 hPa, and 500 kg

-1

m~?! s71, below 100 hPa.

residual circulation (see Figure 8). In January in the
summer hemisphere, no significant changes are appar-
ent from Figure 6, but a difference plot (EXP2-CNTRL,
not shown) does indicate a cooling of the order of a
few degrees. As was found in the previous sections,
the summer stratosphere is not much affected in either
hemisphere.

Changes in the zonal mean wind are also quite notice-
able in the middle atmosphere (Figure 7). In the EXP2
simulation very weak westerlies are found for January
in the northern hemisphere, and a single jet of about
30 m s~! and located 1 hPa, 30°N, is present in the
middle atmosphere. Concerning the CNTRL experi-
ment, the January winter westerlies are characterized
by a more realistic structure, that is, a polar night jet
in the lower stratosphere and a subtropical jet in the
upper mesosphere. Both CNTRL jets are also of realis-
tic strength (note also that the CIRA(1986) westerlies
are weaker than other estimates, eg., Randel [1992] and
High Resolution Doppler Imager (HARDI) observations
[Fleming et al., 1996]). In contrast, in the southern
hemisphere, the July polar night jet is more realistic
in the EXP2 experiment than in the control integra-
tion (also with respect to the other data sets) in the
stratosphere, where the EXP2 westerlies are a factor of

2 weaker than that from the CNTRL. However, Figure 7
shows that although the change introduced in the EXP2
version does induce a large reduction in the strength of
the July westerlies, it does not help in reproducing the
equatorward tilt with height of the jet. Therefore the
mesospheric subtropical jet is virtually missing in the
EXP2 integration in the southern hemisphere.

At the equator the EXP2 simulation is characterized
by a pronounced eastward jet in the middle mesosphere
for both January and July. Strong westerlies are also
present in the CNTRL at the equator in the mesosphere,
a feature related to the semiannual oscillation at the
stratopause (i.e., the westward jet seen at 50 km at the
equator) that is not substantially different in the two
simulations. The dependence of this oscillation on the
nonorographic gravity wave parameterization was illus-
trated by Manzini et al. [1997], who used a lower reso-
lution version of the MA/ECHAM4 model. Manzini et
al. [1997] found that the eastward phase of the oscilla-
tion was improved when the DSP parameterization was
used (with respect to Rayleigh friction). Comparing
the present (CNTRL and EXP2) simulations with each
other and with that of Manzini et al. [1997], it is found
that the semiannual oscillation at the stratopause does
not change substantially, supporting the robustness of
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wave zonal tendency from (top) the CNTRL and (bottom) the EXP2 simulations. January is at
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the result. However, particular features of the semian-
nual oscillation at the stratopause do show a sensitivity
to the gravity wave parameterization setting, as was al-
ready shown by a simple sensitivity test [Manzini et al.,
1997]. Within the lower equatorial stratosphere, neither
the CNTRL nor the EXP2 simulations produce a real-
istic quasi biennial oscillation, although the zonal wind
anomaly to the climatological average does show lower
frequency variations, a feature common to other gen-
eral circulation models [Cariolle et al., 1993; Hamilton
et al., 1995].

Another remarkable difference between the two sim-
ulations is noted in the summer hemispheres, for both
January and July. Namely, the easterlies in the up-
per mesosphere are much stronger (in particularly in
January, with differences up to 30-40 m s~!) in the
EXP2 than in the CNTRL simulation. The EXP2 sum-
mer easterlies are in much better agreement with the
CIRA(1986) data.

Figure 8 shows the residual mean stream function
(computed following the transformed Eulerian mean
formulation [Andrews et al., 1987]) for January and
July from the CNTRL and for the EXP2-CNTRL dif-
ference. The CNTRL stream function clearly depicts
the upwelling at the equator and the single cell circula-
tion in the middle atmosphere, with rising motions in
the summer hemisphere and descending motion in the
winter hemisphere. Also, a seasonal asymmetry in the
circulation is noted, namely, a stronger circulation in
January than in July in the stratosphere, in agreement

with estimates of the residual circulation from observa-
tions [Rosenlof, 1995]. For July it is evident that the
residual mean circulation is enhanced in EXP2 with re-
spect to CNTRL throughout the middle atmosphere.
This enhancement demonstrates that the warming of
the polar winter stratosphere and the cooling of the
summer upper mesosphere occurring in EXP2 with re-
spect to the CNTRL are of dynamical origin. In Jan-
uary, in the mesosphere the residual mean meridional
circulation is also enhanced in EXP2 with respect to the
control, while in the stratosphere the EXP2 circulation
is actually reduced. The total drag in the stratosphere
(the sum of the EP flux divergence from the resolved
waves and the total gravity wave tendency) is in fact
reduced in the EXP2 experiment in the stratosphere
for January.

The total (sum of DSP and orographic) gravity wave
tendency from the two experiments is compared in Fig-
ure 9, where the January and July zonal mean fields,
10-year ensemble mean, are shown. In both months
the total gravity wave tendency does not present dra-
matic changes in the summer hemisphere (the differ-
ence plots however shows that the EXP2 deceleration
is larger, except in the subtropical latitude band in the
mesosphere). During winter the distribution of the to-
tal gravity wave tendency does differ remarkably. In
both January and July the total gravity wave tendency
in EXP2 is characterized by local deceleration maxima
at middle - high latitudes close to 0.1 hPa. Part of the
gravity wave momentum flux deposition in the EXP2
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Figure 10. Ensemble mean of the zonal mean of the orographic gravity wave zonal drag t.'rom
(top) the CNTRL and (bottom) the EXP2 simulations. January is at left, and July is at right.

The contour interval is 2.5 m s~ d~1.

integration therefore no longer occurs at the top of the
model, but takes place lower down in the middle meso-
sphere. The appearance of a second drag maximum
at lower altitudes is responsible for the large circulation
changes shown in Figure 7 and 8 and associated temper-
ature changes shown in Figure 6. The orographic com-
ponent to the total gravity wave tendency (Figure 10)
is substantially reduced in the EXP2, however, because
the simulated middle atmosphere winds are substan-
tially smaller in that simulation.

4. Changes in Gravity Waves

In this section the attention is on determining what
are the relevant changes in the parameterized grav-
ity wave spectrum of the two experiments that bring
about the remarkable changes in the large-scale (re-
solved) circulation of the middle atmosphere reported
above. As was described in section 2, the two experi-
ments are forced by a homogeneous (in space and time)
and isotropic spectrum of gravity waves, launched at
different heights in the two experiments, namely a pres-
sure level (110 hPa) close to the tropopause in the CN-
TRL simulation and the surface in EXP2. Possible rea-
sons for the changes in the flow resolved by the general
circulation model may therefore include variations asso-
ciated with how the current parameterization represent
the propagation of the gravity waves through the tro-
posphere.

In the control experiment the azimuthally isotropic

gravity wave spectrum launched at 110 hPa has a to-
tal rms wind speed of 1.75 m s~!, uniform in time and
space. It is therefore of interest to evaluate at 110 hPa
the total rms wind speed that results from the EXP2
experiment, where the spectrum is launched at the sur-
face.

The total gravity wave rms wind speed for each Jan-
nary and July from the EXP2 simulation is shown in
Figure 11. On average the zonal mean gravity wave
rms wind speed that results from the EXP2 simulation
is smaller in the tropics, about 1 m s~! in the vicinity
of the equator, and then increases poleward. In both
hemispheres, the rms wind speed poleward increase is
larger in summer than in winter. The rms wind speed
reaches 2 m s~! at high latitudes in summer, while in
winter the rms wind speed is 1.5 m s~!. Given that a
rms wind speed of 1.5 m s~! was launched at the sur-
face in EXP2 experiment, a substantial filtering from
the tropospheric winds must have occurred in order to
balance the rms wind speed increase expected from the
decrease of the air density between the surface and 110
hPa. Filtering by the tropospheric winds can also ex-
plain the smaller rms wind speed in winter, when the
tropospheric winds are stronger. Note also that there
appears to be very little interannual variability in the
monthly zonal mean rms wind speed, given the narrow
cluster of the curves.

Concerning the comparison with the control exper-
iment, it is of interest to note that the EXP2 gravity
wave rms wind speed emerging from the troposphere
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Figure 11. Zonal mean of the total gravity wave rms wind speed from the EXP2 simulation at
110 hPa. Each curve is a monthly mean from the 10-year integration. January is at top, and

July is at bottom.

is on average comparable to that used in the control
at the launching height. In particular, during winter,
when the largest changes in the large scale circulation
have been reported, the EXP2 gravity wave rms wind
is on average slightly smaller. The warming of the po-
lar stratosphere found in EXP2 appears therefore not
to be directly related to the total gravity wave forcing
emerging from the troposphere.

From Figure 11 it has already been suggested that
the filtering of gravity waves by the tropospheric winds
limits the growth of the rms wind with height within the
troposphere. In addition, it is expected that only waves
that propagate in the direction of the background wind
are filtered out, thus producing an anisotropic distribu-
tion of the gravity waves at 110 hPa. This differential
azimuthal filtering in the EXP2 simulation is shown in
Figure 12, where the components of the momentum flux
projected in the eastward and westward azimuths are
plotted as long- and short-dashed curves, respectively.
Also shown, for comparison, is the eastward (or west-
ward, they are identical by contruction) momentum flux
(open circles) of the control at 110 hPa, as well as the
eastward momentum flux of EXP2 at the surface (solid
line).

At 110 hPa, above the location of the tropospheric
jets, the eastward momentum flux is strongly reduced
with respect to its surface value. In addition, it is also
considerably smaller then the value at 110 hPa in the
control simulation. In contrast, in the tropics, both the

eastward and westward components of the momentum
flux are reduced, presumably the result of filtering by
strong nonzonal components of the tropospheric flow.
At high latitudes, the eastward and westward momen-
tum fluxes are reduced by a similar amount. Therefore
their net effect on the background flow averaged over
the troposphere should be small.

As may be expected from the previous discussion, in
the EXP2 experiment the gravity wave net zonal mo-
mentum flux is negative at midlatitudes in the tropo-
sphere, as is shown in Figure 13 for the January and
July zonal average. In the stratosphere, the net mo-
mentum flux remains negative only in the winter hemi-
spheres (because eastward moving gravity waves are re-
moved), while it becomes positive in the summer hemi-
spheres. The easterlies in the summer hemisphere in
fact facilitate the dissipation of westward moving grav-
ity waves.

In the control integration the gravity wave momen-
tum flux is assumed to be isotropic at the launching
height. Therefore the net flux is zero at 110 hPa. In the
stratosphere, the CNTRL zonal net momentum flux at
midlatitudes is positive because just above the launch-
ing height the westerlies decrease with height, therefore
filtering out westward gravity waves with respect to the
(relatively large and positive) winds at the launching
height. At high latitudes in winter the net momentum
flux is negative also in the CNTRL integration. The
most remarkable differences between the two experi-
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Figure 14. Ensemble mean of the January geopotential height zonal anomaly (left) from the
NCEP analysis, (middle) from the EXP2 simulation, and (right) from the CNTRL simulation:
polar stereographic map (outer latitude: 20°N) (top) at 500 hPa, (middle) 50 hPa, and (bottom)
1 hPa. Contours are at 0, £6,+12,+24,+48,+72,496, +120 dam.

ments are therefore found in the 20°-50° latitude bands
of each hemisphere, where the net momentum flux is of
opposite sign in the lower stratosphere. In the south-
ern hemisphere winter at 60°S a difference of about an
order of magnitude is also noted between the two ex-
periments. In the winter mesosphere, above the core
of the polar night stratospheric jet, where the vertical
wind shear is negative, the large negative net momen-
tum flux present in EXP2 may therefore be deposited

and cause the strong deceleration of the zonal mean flow
shown in the previous section.

5. Changes in Planetary Waves

The stationary geopotential height waves for January
are shown in Figure 14, from the NCEP data (15-year
averages) and from the two experiments (10-year aver-
ages), at selected pressure levels: 500, 50 and 1 hPa.
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In the troposphere (500 hPa), the zonal height anoma-
lies are dominated by synoptic scale eddies: Troughs
(negative anomaly) over eastern North America and the
east Asia - western Pacific sector; and high - pressure
systems (positive anomaly) over the North Atlantic -
western Europe sector, central Asia, and western North
America. Both model versions capture the pattern and
strength of the tropospheric stationary eddies. The re-
sults from the two experiments are quite similar, only
a moderate weakening of the North Atlantic-European
height and moderate enhancements of the North At-
lantic trough and of the central Asia high are appar-
ent in the EXP2 experiment. The 500 hPa geopoten-
tial height difference between the two experiments (not
shown) is in fact small, expect over the North Atlantic
- western Europe sector where it is reminiscent of the
tropospheric - stratospheric mode of variability found
in various statistical analysis from observations [Bald-
win et al., 1994; Perlwitz and Graf, 1995; Kodera et
al., 1996]. The North Atlantic - western Europe sector
might therefore be the region where the middle atmo-
sphere circulation changes seen in the previous section
and related to the strength of the polar night jet could
affect the tropospheric circulation. Further analysis of
the simulations would be required to evaluate in detail
this downward effect, outside the scope of this paper,
although of interest.

At lower pressure levels, where the westerlies are
stronger, the synoptic scales are filtered out [Char-
ney and Drazin, 1961]: at the 50 hPa level the NCEP
height anomaly is dominated by a stationary planetary
wavenumber 2 and a wavenumber 1 emerges at 1 hPa.
The filtering by the westerlies of the synoptic scales is
captured by both simulations.

At 50 hPa and at middle latitudes at 1 hPa, there is
still good agreement between the simulations and the
observations. In contrast, at polar latitudes at 1 hPa,
a noticeable difference appears: The positive and nega-
tive peaks (over northwestern Asia and Greenland, re-
spectively) of the height anomalies are about a factor
of 2 smaller in EXP2 than in the control integration. In
comparison to the NCEP stationary waves, it therefore
appears that the CNTRL stationary waves are some-
what too strong at 1 hPa at polar latitudes (poleward
of 60°N), while the EXP2 waves are too weak. The spa-
cial structure of the simulated waves does not appear
to be substantially affected, however, and is also in rel-
atively good agreement with the NCEP wave structure.
A substantial reduction of the amplitude of wavenum-
ber 1 and 2 in the upper stratosphere and lower meso-
sphere at high latitudes is also obtained from the zonal
decomposition of the geopotential height and tempera-
ture fields (not shown).

Possible reasons for the decrease in the planetary
wave amplitude in EXP2 with respect to CNTRL in-
clude changes in wave propagation and dissipation due
to the reported changes in the zonal mean flow. In this
case, the gravity wave parameterization would affect
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the planetary waves indirectly, though the changes that
it induces on the zonal mean flow (Figure 7), and the
planetary wave induced mean flow driving would trig-
ger a feedback mechanism that would further reduce
the mean flow [Boville, 1986]. The momentum flux de-
position due to the parameterized gravity waves may
have however also a direct effect on the planetary waves,
by damping the planetary waves and/or by providing a
generation mechanism [Miyahara et al., 1986; McLan-
dress and McFarlane, 1993; Smith, 1996, 1997]. Eval-
uating the relative importance of the indirect or direct
effect of the gravity waves on the planetary waves is dif-
ficult in the context of the simulations being discussed
here. This goal would be more conveniently achieved
with more idealized experiments in a more simplified
setting than that of a general circulation model. At the
present stage, only evidence that the DSP gravity wave
momentum flux deposition does play a direct role in
damping the planetary waves in the EXP2 simulation
is shown in Figure 15, where the meridional wind, the
DSP gravity wave net meridional momentum flux, and
the DSP gravity wave meridional tendency are plotted
at 65°N.

The filtering by the tropospheric winds of the grav-
ity waves demonstrated for the zonal mean flow (pre-
vious section) that occurs in EXP2 is found to occur
also for the zonally varying flow (the meridional flow
is show in Figure 15 because of its more pronounced
zonal asymmetry). Figure 15 shows in fact that when
the meridional tropospheric wind is positive (negative)
the net meridional momentum flux is negative (posi-
tive). A similar filtering by the stratospheric winds is
also found in the control integration (Figure 15, right).
However, as in the case of the zonal mean, also the
local (i.e., zonally varying) net momentum flux is sub-
stantially larger in EXP2 than in CNTRL in the lower
stratosphere, thus favoring the dissipation of the plane-
tary waves at a lower altitude in EXP2 than in CNTRL.
In the case of the EXP2 experiment, the meridional
wind is found therefore to sharply decrease in strength
with height in the lower mesosphere (in particular be-
tween 60°W and 120°W and around 60°E). In contrast,
the CNTRL meridional wind starts to decrease sharply
only in the upper mesosphere, where the CNTRL DSP
gravity wave tendency is quite large. Note also that
above the mid-mesospheric (~0.1 hPa) maxima of the
DSP gravity wave deceleration in EXP2, the meridional
wind is anticorrelated with the stratospheric meridional
wind (at 10 hPa, for instance), in agreement with the
observations of Smith [1996].

As in the case of the zonal mean (Figure 10), the
three-dimensional orographic gravity wave drag is de-
creased in EXP2 with respect to the control integration.
The orographic gravity wave drag can not therefore con-
tribute to an increase in the dissipation of the planetary
waves.

The decrease in the strength of the planetary waves in
EXP2 in the upper stratosphere and lower mesosphere
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Figure 15. (top) January ensemble mean of the meridional wind, (middle) the DSP gravity
wave net meridional momentum flux and (bottom) the DSP gravity wave meridional tendency
from the (left) EXP2 and (right) CNTRL simulations: longitude-height section at 65°N. The
contour interval for the wind is 5 m s~1. The contour interval for the momentum flux is 2.5x10~4
Pa. The contour interval for the tendency is 2.5 m s~% d—1.

at high latitudes is also accompanied by an increase in
the Eliassen-Palm (EP) flux convergence (body force
per unit mass) in EXP2 with respect to CNTRL (see
Figure 16). In the CNTRL integration, Figure 16 shows
that the resolved waves exert a negative force on the
zonal mean flow throughout most of the winter middle
atmosphere. The largest deceleration occurs at mid-
latitudes in the lower mesosphere. The EXP2-CNTRL
difference indicates that at high latitudes (60°-70°N) in
the mesosphere the EP-flux convergence (i.e., decelera-

tion) is enhanced in the EXP2 experiment. In contrast,
at middle latitude the difference is positive, i.e., the EP-
flux convergence is reduced in the EXP2 experiment. A
larger EP-flux convergence at high latitudes, where the
planetary waves are most reduced, is consistent with
the suggestion that the EXP2 planetary waves are dissi-
pated in the lower mesosphere by the DSP gravity wave
parameterization (although planetary wave - mean flow
interactions and forcing by the orographic gravity wave
drag at middle latitudes cannot be ruled out). Figure
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Figure 16. (right) January ensemble mean of the EP flux divergence from the CNTRL simulation
and (left) difference between the EXP2 and CNTRL simulations, EXP2-CNTRL, of the January
ensemble mean of the EP flux divergence. The contour interval is 5 m s~! d~!.

16 also shows that differences in the EP divergence in
the troposphere are relatively small (less then 5 m s~?

d-1).

6. Summary and Conclusions

The sensitivity of the long-term response of the mid-
dle atmosphere circulation simulated using a general
circulation model to changes in the source spectrum of a
gravity wave parameterization has been investigated by
performing two 10-year integrations. The general cir-
culation model used is the MA/ECHAM4 model (sur-
face to 80 km) and the parameterization of the momen-
tum flux deposition due to a continuous gravity wave
spectrum is based on the Doppler spread formulation of
Hines [1997a, b]. In addition to the Doppler spread pa-
rameterization, the general circulation model includes
a modified version of the McFarlane [1987] orographic
gravity wave drag parameterization. Currently, the two
gravity wave parameterizations are uncoupled.

The first 10-year integration performed with the MA
ECHAM4 model, CNTRL, employs for the DSP grav-
ity wave spectrum a launching height at the 110 hPa
pressure level and a gravity wave rms wind speed there
of 1.75 m s~1. In the second 10-year integration, EXP2,
the source spectrum is instead launched at the surface
with a gravity wave rms wind speed of 1.5 m s~!. The
present work focus on the long time average behavior,
the analysis of the time variability (from interannual to
daily scales) of the model results is progress.

The simulation of the lower stratosphere of the CN-
TRL experiment presents several realistic features: a
small zonal mean temperature bias (less than 5 K);
the strength, structure and seasonal evolution of the
zonal wind in agreement with observations; and in the
northern hemisphere winter realistic stationary eddies.
In contrast, in the upper stratosphere and mesosphere

the simulation of the southern winter stratosphere is
affected by a substantial cold temperature bias and
the northern winter stationary eddies are somewhat too
strong at polar latitudes. These model deficiencies have
been found to be sensitive to the gravity wave forcing.

The effects of varying the source spectrum can be
summarized as follows: (1) With respect to the con-
trol experiment, the experiment with the surface as
the launching height (EXP2) presents a remarkable im-
provement in the simulation of the long-term zonal
mean circulation of the polar stratosphere during the
southern winter and spring. The polar cold temperature
bias is virtually eliminated in EXP2. (2) Strong east-
erlies in the subtropical mesosphere characterize EXP2
in summer, again an improvement. (3) In the EXP2
experiment, the stationary waves are substantially re-
duced in the northern winter upper stratosphere and
mesosphere. This reduction in the strength of the plan-
etary waves might be excessive, given that the model
bias changes from too strong (CNTRL) to too weak
(EXP2) planetary waves. (4) In the northern hemi-
sphere winter, the zonal mean circulation is too much
reduced in the EXP2 simulation.

Changes in planetary waves that occur in the south-
ern hemisphere between the two simulations are also re-
markable but are not shown in this work. A preliminary
analysis indicates that in the southern hemisphere there
is a difference in the relative role played by the largest
planetary waves in the two experiments. In July, for
instance, the CNTRL height field appears to be dom-
inated by a wavenumber 2 pattern (in contrast with
observations), while wavenumber 1 dominates in EXP2
(in agreement with observations).

Diagnostics of the parameterized gravity waves in-
dicate that the differences in the zonal mean state as
well as the differences in the northern hemisphere plan-
etary waves are related to the gravity wave net mo-
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mentum flux emerging from the troposphere. In the
EXP2 experiment the gravity wave net zonal momen-
tum flux emerging from the troposphere is negative at
middle and high latitudes throughout the year. In con-
trast, in the experiment with launching height at 110
hPa, the gravity wave net momentum flux is zero by
construction at the launching height. In the EXP2 ex-
periment the negative net zonal momentum flux above
the troposphere facilitates the deceleration of the west-
erlies in the mesosphere, above the core of the winter
stratospheric eastward jet. In contrast, the negative
net zonal momentum flux limits the upper mesospheric
deceleration of the easterlies in summer. The strong
deceleration of the westerlies in the lower mesosphere
that occurs in the EXP2 simulation therefore induces
a residual mean meridional circulation that causes the
reported substantial warming (with respect to the con-
trol) of the southern hemisphere polar winter strato-
sphere. In the control experiment the deceleration as-
sociated with the DSP tendency is instead confined to
the upper mesosphere, close to the model top. The de-
scent of the DSP deceleration also appears to be one
reason for the reduction in the northern winter plan-
etary wave amplitudes in the upper stratosphere and
lower mesosphere found in EXP2. In addition, in the
northern hemisphere there seems to be some compensa-
tion among the various forms of drags (from the DSP,
the orographic gravity wave drag and from the resolved
waves). This compensation might be the reason why
the temperature and circulation changes in the north-
ern hemisphere winter, although noticeable, are not as
remarkable as those in the southern hemisphere winter.

Concerning the problem of how to specify the source
spectrum of a gravity wave parameterization, the present
work has emphasized the importance of the filtering
of the gravity waves by the tropospheric background
winds, or, in other words, it has drawn attention to the
limitation of the isotropic assumption for a source spec-
trum launched at a level close to the tropopause. It is
noted that reports from observations tend to indicate a
negative momentum flux transported by gravity waves
in the lower stratosphere at middle and high latitudes
(see, for instance, Vincent et al. [1997]), with respect
to the background flow.

The present work has also shown that within a real-
istic range of the parameter setting of the gravity wave
parameterization employed, it is possible to virtually
eliminate the winter polar temperature bias in the gen-
eral circulation model. However, a specification of the
source spectrum that allows for seasonal and geograph-
ical variability is clearly required for a successful sim-
ulation of the seasonal cycle of the middle atmosphere
circulation.

This work has also raised questions concerning the
interactions between the resolved and parameterized
waves in a general circulation model. This topic as
only been touched in the present work, by presenting
evidence of damping of planetary waves by the param-
eterized gravity waves in the lower mesosphere.
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