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Abstract. The zonal mean circulation of the middle atmosphere simulated by 
a general circulation model that includes the Doppler spread parameterization 
of gravity-wave momentum deposition is presented. To illustrate the impact of 
the parameterization, this simulation is compared to another obtained by using 
Rayleigh friction instead. It is found that the Doppler spread parameterization 
improves the extratropical zonal mean circulation in the mesosphere by reducing 
the strength of the zonal winds above the jet maximum. The parameterization also 
improves the simulation of the equatorial semiannual oscillation in the zonal mean 
zonal wind at the stratopause by enhancing the eastward phase and its downward 
propagation. 

1. Introduction 

The current interest in understanding the effects of 
changes in the chemical composition of the atmosphere 
motivates the development of general circulation mod- 
els (GCMs) which are capable of simulating the global 
transport and evolution of the atmospheric constituents 
in the troposphere and stratosphere. Existing models of 
this type have generally evolved from global circulation 
models of the troposphere. Consequently, they have re- 
alistic representations of the large-scale processes that 
govern the troposphere, including the forcing of the ver- 
tically propagating planetary waves that account for a 
significant amount of the extratropical variability in the 
middle atmosphere. Such models, however, are known 
to exhibit significant biases in the zonally averaged cir- 
culation of the middle atmosphere, especially in the 
southern hemisphere winter and spring, when the sim- 
ulated zonal mean winds are extremely strong [Hamil- 
ton et al., 1995; Boville, 1995; Manzini and Bengtsson, 
1996]. It is now generally recognized that simulations of 
the middle atmosphere can be greatly improved by tak- 
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ing into account the momentum deposition associated 
with upward propagating gravity waves (see Andrews et 
al., [1987] for a review). Given that current state-of-the- 
art middle atmosphere GCMs do not explicitly resolve 
these small-scale waves, it, is therefore of primary im- 
portance to develop and test parameterizations of their 
effects on the large-scale circulation. 

Until recently, most GCMs have included only pa- 
rameterizations of the momentum deposition from oro- 
graphi• gravity waves [e.g., McFarlane, 1987; Miller et 
al., 1989]. Orographically excited gravity waves (which 
are stationary) have been shown to play an important 
role in the extratropical regions of the northern hemi- 
sphere middle atmosphere during winter [Boville, 1991, 
1995]. Gravity waves with nonzero phase speeds rela- 
tive to the surface make a significant and possibly pre- 
dominant contribution to the momentum budget of the 
northern hemisphere extratropics during summer and 
in the tropics and southern hemisphere at all times of 
year. 

The parameterizations of gravity-wave momentum 
deposition used so far have been based exclusively on 
upward propagating linear, monochromatic waves and 
their dissipation due to onset of static instabilities as- 
sociated with wave amplitude growth with height. The 
linear wave saturation mechanism of momentum de- 

position [Lindzen, 1981] treats each wave of a chosen 
discrete spectrum in isolation. There is now consider- 

25,751 



25,752 MANZINI ET AL.: DOPPLER SPREAD PARAMETERIZATION IN THE ECHAM4 MODEL 

able evidence to support the existence of a continuous 
and nearly universal spectrum of vertically propagating 
gravity waves in the middle atmosphere. The nearly 
universal nature of the spectrum has been ascribed to 
a variety of saturation processes (Fritts [1984, 1989] for 
reviews). These inchide the linear instability of a con- 
tinuous spectrum [Dewan and Good, 1986; Smith et al., 
1987] and the combined effects of nonlinear interactions 
among the waves and dissipation associated with the 
onset of instability [Hines, 1991a, b, c, 1993; Medvedev 
and Klassen, 1995]. 

Recently, Hines [1997a, b] has proposed a parameter- 
ization of gravity-wave momentum deposition based on 
the Doppler spread theory which is suitable for use in 
general circulation models. The theory assumes the ex- 
istence of a continuo•ls spectrum of gravity waves which 
propagate upward from the troposphere• where they are 
generated by a variety of processes, including convective 
activity, frontal systems, and unsteady flow over orogra- 
phy. In addition to being Doppler shifted by the large- 
scale background wind, each wave component of the 
spectrum is also affected by the wind field induced by 
the other waves. In the Doppler spread theory this non- 
linear interaction gives rise, in a statistical sense, to a 
spreading of the vertical wavenumber spectrum toward 
high wavenumbers, where dissipation and momentum 
deposition occur. 

The purpose of this paper is to test the Doppler 
spread parameterization in a middle atmosphere general 
circulation model. Given the exploratory character of 
this work, a relatively low horizontal resohltion version 
of the GCM has been used. This resolution is adequate, 
however, to reveal the benefits of using this parameter- 
ization, as supported by more recent results at higher 
horizontal resolution [Manzini et al.•1997; McFarlane 
and Manzini, 1997]. 

Another simulation performed with the same GCM, 
but with Rayleigh friction in the mesosphere instead of 
the Doppler spread parameterization, is used as the con- 
trol integration for comparison. In the present paper, 
attention is restricted to the effects of nonorographic 
gravity waves. Therefore an explicit parameterization 
of the orographic gravity wave drag is not included. 

The paper is arranged in the following manner: The 
general circulation model and the Doppler spread pa- 
rameterization are described in section 2. General re- 

sults for the zonal mean circulation in January and July 
are presented in section 3, while section 4 deals with 
the behavior in the tropical middle atmosphere. Con- 
clusions are discussed in section 5. 

2. Model and Experiments 

The model used is the middle atmosphere (MA) ver- 
sion of the ECHAM4 general circulation spectral trans- 
form model with state-øf-the-art physical parameteri- 
zations, developed at the Max Planck Institute. The 
MA/ECHAM4 model is the upward extension of the 

original ECHAM4 GCM with top at 10 hPa (about 
30 km). The salient features of the ECHAM4 model 
[Roeckner et al.• 1996a,b and reference therein] are 
here briefly summarized: radiation scheme based on 
the ECMWF scheme [Morcrette, 1991] and modified by 
Giorgetta and Wild [1995]; prognostic scheme for strat- 
iform clouds [Roeckner et al., 1991]; mass flux scheme 
for cumulus and stratocumulus convection, including 
deep, midlevel and shallow convection based on Tiedtke 
[1989]; nonlocal vertical diffusion scheme [Brinkop and 
Roeckner• 1995]; three layer model of heat conduction 
and soil model [Blondin, 1989; Diimenil and Todini, 
1992]; and semiLagrangian transport for water vapor, 
liquid water, and tracers[Williamson and Rasch, 1994]. 

The MA/ECHAM4 general circulation model has 39 
vertical levels and extends from the surface to 0.01 hPa 

(about 80 kin). In the lower stratosphere the vertical 
resolution is about 1.5 km and slowly decreases with 
height to about 6-7 km at the model top. Other modi- 
fications to the troposphere version of the model follow 
Manzini and Bengtsson [1996]. They include a simple 
implementation of the Voigt effect at low pressure in 
the radiation scheme,an ozone distribution from the 
monthly zonal mean distribution of a chemical model, 
and a X74 linear operator for the horizontal diffusion. 

In the standard version of the MA/ECHAM4 model, 
Rayleigh friction is used to dissipate resolved upward 
propagating waves and also to act as a crude param- 
eterization of the effects of gravity wave drag on the 
zonal mean flow in the mesosphere, a procedure that 
is commonly used in middle-atmosphere models. The 
Rayleigh friction coefficient increases upward from (32 
days) -x at 0.4 hPa (six levels from the top) to (1 day) -x 
at 0.01 hPa (the model top). The simulation performed 
with this configuration is referred to as the RFD exper- 
iment. 

In the simulation using the Doppler spread parame- 
terization the Rayleigh friction is removed. This latter 
simulation is referred to as the DSP experiment. 

Both the R.FD and DSP versions employed monthly 
mean climatological sea surface temperature [Gates, 
1992] and the seasonal and diurnal cycle in the radia- 
tive transfer scheme. Both have been integrated for 
a total of 4 years at T21 horizontal truncation. Note 
that both simulations were performed without any oro- 
graphic gravity wave drag parameterization. 

2.1. Doppler Spread Parameterization 

The formulation of the Doppler spread parameteriza- 
tion follows Hines [1997a, b]. The gravity waves are 
assumed to propagate upward from the troposphere, 
where they are generated, and to interact nonlinearly 
with each other. The nonlinearity considered here is as- 
sociated with horizontal advection, which statistically 
spreads the vertical wavenumber spectrum preferen- 
tially toward high wavenumbers. As the waves prop- 
agate upward, wave action density is conserved until 
the gravity wave spectrum as a whole becomes unsta- 
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ble and the waves at high vertical wavenumbers break 
down into turbulence. It is assumed that these waves 

are removed from the spectrum and that the momen- 
tum carried by them is deposited into the background 
flow. At any given height, the vertical wavenumber at 
which the wave breakdown begins can be expressed in 
terms of a corresponding wavenumber (referred to as 
the cutoff wavenumber) of the gravity wave spectrum 
at the surface (initial height). In the notation of Hines 
[1997b], for a given azimuth (j) and height, the cutoff 
wavenumber is given by 

•,j -- Ni[•lO'j •- •2O'h •- Vj - Vii] -1 (1) 

where Ni is the buoyancy frequency at the initial height, 
an is the total rms horizontal wind speed induced by the 
gravity waves, •j is the rms horizontal wind speed in 
the j azimuth• • and •. are constants ("fi•dge" factors 
constrained by the theory), Vj is the background wind 
in the j azimuth, and Vii is the background wind in the 
j azimuth at the initial height. The first term on the 
right-hand side of (1) represents the effect of Doppler 
shifting by the gravity-wave-induced wind; the second 
term is derived from the condition for the onset of insta- 

bility of the total wave system; and the third term rep- 
resents the effect of Doppler shifting by the background 
flow. The momentum deposition is deduced from the 
vertical variation of the cutoff wavenumber mj, under 
the constraint that raj be positive and nonincreasing 
with height. This constraint can be achieved, because 
there always exists a positive raj at the initial height 
(where Vj- Vii is zero). 

The parameters used in the current version of the 
Doppler spread parameterization are summarized in Ta- 
ble 1. These include the specification at the initial 
height of the slope of the vertical wavenumber spec- 
trum at low wavenumbers• which is assumed to follow 
a power law, and the gravity-wave-induced rms wind 
speed, chosen to give values at the tropopause in rea- 
sonable accord with available estimates of gravity wave 
variances [e.g., Fritts and Nastrom, 1992; Allen and 
Vincent, 1995]. In the parameterization version used 
here, a geographically uniform isotropic gravity wave 
spectrum is assumed to be launched at the surface (ini- 
tial height). 

In the current application the contribution to the ver- 
tical diffusion that arises from the gravity-wave momen- 
t•m deposition has not been included and the gravity- 
wave momentum flux at the upper boundary of the 
model (formally pressure equal to zero) is set to zero. 
In another recent application of the Doppler spread 
parameterization in a general circulation model that 
extends above 80 km [McFarlane et al., 1997], a low 
wavenumber bound to the initial vertical wavenumber 

spectrum has been introduced to limit the amount of 
drag in the lower thermosphere (where the spectrum 
may, in fact• no longer be broad) and to avoid numeri- 
cal difficulties arising from a positive feedback between 
the Doppler spread parameterization and the diurnal 
tide [McLandress, 1997]. In the MA/ECHAM4 model 
these numerical difficulties do not appear, presumably 
because the top is below the height where the diurnal 
tide maximizes (near 90 km). Consequently, the low- 
wavenumber bound has not been introduced. 

3. Zonal Mean Circulation 

The 4 year average zonal mean zonal wind and tem- 
perature fields for January and July from the DSP sim- 
ulation and the CIRA86 reference atmosphere [Fleming 
et al., 1990] are shown in Figures 1 and 2, respectively. 
Although the CIRA86 data set is based on only a few 
years of middle-atmosphere data, and so may not be 
truly indicative of the long-term mean state, it never- 
theless provides a usetiff reference. The simulated east- 
erlies in the summer middle atmosphere of both hemi- 
spheres exhibit a realistic structure, with the strongest 
winds occurring in the subtropical upper mesosphere. 
In qualitative agreement with the CIRA86 reference at- 
mosphere the summer easterlies in the DSP simulation 
are seen to extend into the winter hemisphere at the 
stratopause, while westerlies prevail in the equatorial 
mesosphere. The DSP summer easterlies though are 
somewhat weaker in the upper mesosphere, especially in 
July. For both winter hemispheres the simulated mean 
zonal wind differs significantly from that of CIRA86, 
notably with respect to the excessive strength of the 
westerlies in the stratosphere and the confinement of the 
mesospheric eastward jet to high latitudes. Given that 
the DSP simulation did not include orographic gravity 

Table 1. Parameter Setting for the DSP simulation 

P aram eter D es crip tion 

= 1.5 ms -x 
K*-7x10-• m 
J-8 

-1.5 
-0.3 

-1 

slope of the vertical wavenumber spectrum 
at the initial height (surface) 

rms horizontal wind speed at the initial height 
effective horizontal wavenumber 

number of equally spaced azimuths 
directional rms coefficien• 
total rms coefficient 
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Figure 1. January zonal mean zonal wind (ms -z, top) and temperature (K, bottom)from 
CIRA86 (left) and from {:he 4 year DSP simulation (right). The contour interval is 10 ms -1 for 
the zonal winds (< -60, dark shading; > 60, light shading) and 10 K for the temperatures (< 
200, light shading). In this and the following figures, the height on the left of each plot is the 
log-pressure vertical coordinate obtained by using a scale height H - 7 km. 

wave drag, the strong winds in the northern hemisphere 
winter are not unexpected [Boville, 1991, 1995]. The 
July zonal wind bias in the southern hemisphere lower 
stratosphere is in part due to a deficient representa- 
tion of the troposphere in a T21 simulation [Manzini 

and Bengtsson, 1996], typically producing a meridion- 
ally narrower subtropical tropospheric jet. 

While the general structure of the zonal mean tem- 
perature (Figures I and 2. bottom panels) is captured 
by the DSP simulation, a cold bias in the winter strato- 
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Figure 2. July zonal mean zonal wind (ms -•, top) and temperature (K, bottom) from CIRA86 
(left) and from the 4 year DSP simulation (right). The contour interval is 10 ms -• for the zonal 
winds (< -60, dark shading; > 60, light shading) and 10 K for the temperatures (< 200, light 
shading). 
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Figure 3. Difference between the DSP and the RFD simulations, DSP-RFD, for the 4 year 
average of the zonal mean zonal wind (ms -1, top) and the temperature (K, bottom), January 
at left and July at right. The contour interval is 5 ms -1 for the zonal winds and 2.5 K for the 
temperatures. 

sphere and an associated upward shift of the stratopause 
is apparent in both hemispheres. This cold bias is par- 
ticularly severe in the southern hemisphere winter. In 
summer the simulated stratopause is located at 1 hPa, 
in agreement with CIRA86, although about 10 K colder. 
In the mesosphere, the summer zonal mean tempera- 
ture decreases with height, in accord with observations 
albeit at a slower rate. Consequently, the simulated 
zonal mean temperature is too warm by about 20 K at 
the summer pole near the model top. 

It is noteworthy that the CIRA86 data may also have 
a warm bias in the summer mesopause region. This is 
suggested by the observations of Lilbken and van galm 
[1991] which indicate that in summer the temperature 
at 88 km in the polar region is about 15 K colder than 
the CIRA86 analysis. This level is, however, above the 
uppermost level of the MA/ECHAM4 model. 

To improve the simulation of the upper mesosphere, 
it is most likely necessary to raise the upper boundary 
of the model. The results of McFarlane et al., [1997], in 
which the DSP has been implemented in a GCM with a 
top at approximately 97 km, indicate that the summer 
polar submesopause temperatures are, in fact, in better 
agreement with both CIRA86 and Liibken and van Zahn 
[1991]. 

To highlight the impact of the DSP on the simula- 
tion of the middle atmosphere circulation in January 
and July, the differences between the DSP and the RFD 
simulations (DSP-RFD) for the mean zonal wind and 
temperature are shown in Figure 3. In the troposphere 
the winds and temperature fields do not appear to dif- 
fer significantly, suggesting that the zonal mean tropo- 

spheric circulation is not substantially affected by the 
specification of the mechanism of momentum dissipa- 
tion in the mesosphere. 

In January (Figure 3, top left) the most notable fea- 
ture is a large positive difference in the zonal mean wind 
found in the equatorial mesosphere. This difference 
(,•40 ms -•) is caused by the appearance of westerlies in 
the DSP simulation, while easterlies or weak weste.rlies 
dominate the flow in the RFD simulation in the equa- 
torial mesosphere. Differences of about 10-15 ms -1 are 
also found in july (Figure 3, top right) in the equato- 
rial middle atmosphere. As will be shown in section 4, 
the behavior of the DSP experiment at the equator is 
associated with an enhancement of the simulated semi- 
annual oscillation in the zonal mean zonal wind at the 

stratopause. 
The mean zonal wind and temperature differences 

found in January in the northern hemisphere indicate 
that in the lower mesosphere and upper stratosphere 
the DSP extratropical westerlies are about 5-10 ms -1 
stronger at high latitudes, consistent with the colder po- 
lar stratosphere and an upward shift of the stratopause 
(Figure 3, bottom left). A longer integration, however, 
would be necessa. ry to highlight any possible statisti- 
cally significant difference during the northern hemi- 
sphere winter, because of the large interannual vari- 
ability there [Boville, 1995; Hamilton, 1995; Manzini 
and Bengtsson, 1996]. Moreover, other processes, such 
as orographic gravity wave drag and the model's hori- 
zontal resolution may impact more significantly on the 
northern hemisphere winter circulation. 

It is interesting to note that although the DSP west- 
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Figure 4. Zonal mean zonal drag from the 4 ),ear DSP simulation (ms-ld -z, top). Difference 
between the DSP and RFD simulations, DSP-RFD, for the 4 year average of the zonal mean 
zonal drag (ms-ld -z, bottom). January at left and July at right. The contour interval is 5 
ms-Zd-1. 

erlies are stronger than the RFD winds, they actually 
decrease slightly more rapidly with height in the up- 
per mesosphere in the northern hemisphere winter, as 
indicated by the negative difference at the model top 
there. This is also clearly apparent in the southern 
hemisphere winter. Figure 3 (top right) shows that in 
the stratosphere at 60•S the difference in zonal wind is 
small (zero contour), indicating that the magnitude of 
the eastward jet is similar in the two experiments. At 1 
hPa the DSP winter jet is confined more poleward (pos- 
itive difference south of 60øS), while above 0.1 hPa, the 
difference in zonal wind is negative also at high latitudes 
and attains a value of 55 ms -1 near 55øS at the model 

top, indicating that much weaker winds (by a factor of 
2) characterize the DSP upper mesosphere. These re- 
sults therefore indicate that the Doppler spread param- 
eterization is more effective than Rayleigh friction (as 
used here) in red•zcing the magnitude of the zonal mean 
winds. In the southern hemisphere winter, the change 
in zonal wind is associated with a positive temperature 
difference throughout most of the high-latitude middle 
atmosphere (Figure 3, bottom right). 

In July the northern hemisphere easterlies are stronger 
in the subtropical middle mesosphere in the DSP sim- 
ulation. A similar result is found in the southern hemi- 

sphere in January. The zonal mean temperature differ- 
ence field is consistent with these changes, being nega- 
tive at the summer pole in the upper mesosphere. Note 
that both experiments exhibit mean mesospheric tem- 
peratures that are in qualitative agreement with ob- 
servations and that depart from the radiatively deter- 

mined temperature [Fels, 1985] in the sense expected; 
namely, they are warmer in winter and colder in sum- 
met. Therefore the temperature change shown in Fig- 
ure 3 implies that in the upper mesosphere the DSP 
temperature field departs more from the radiatively de- 
termined temperature and that the DSP residual mean 
meridional circulation is stronger (not shown). The op- 
posite occurs in the stratosphere and lower mesosphere, 
with the exception of the southern hemisphere winter, 
where the temperature difference is positive also in the 
stratosphere. 

Figure 4 shows the 4 year average of the zonal mean 
zonal gravity wave drag from the DSP experiment (top 
panels) and the difference between the DSP and RFD 
experiments (bottom panels). In summer at extrat- 
ropical latitudes the DSP gravity wave drag is smaller 
than the Rayleigh friction drag in the lower and middle 
mesosphere but larger than the RFD drag in the upper 
mesosphere. In the summer hemisphere the mean tem- 
perature field response shown in Figure 3 (bottom pan- 
els) is consistent with the expectation from the "down- 
ward control" mechanism [/-/tz•/r•es et tzl., 1991], in that 
a stronger (weaker) drag should be associated with a 
stronger (weaker) residual mean meridional circulation 
and result in temperatures being farther away from 
(closer to) radiative equilibrium. In the southern hemi- 
sphere winter, the DSP drag is larger than the RFD 
drag throughout most of the mesosphere, which is pre- 
sumably the cause of the warmer temperature and much 
weaker zonal wind in the DSP experiment. The DSP 
drag is also larger in the northern hemisphere winter. 
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However, the contribution of the resolved waves to the 
eddy forcing of the zonal mean zonal wind (not shown) 
is not negligible there, so that the total drag is actu- 
ally reduced at, high latitudes in the northern hemi- 
sphere lower mesosphere in January in the DSP case. 
The colder temperatures in the DSP upper polar strato- 
sphere (Figure 3 bottom left) are consistent with such a 
total zonal drag difference field. The contribution from 
the resolved waves is generally much smaller than that 
from the parameterized drag in the other seasons. 

4. Semiannual Oscillation at the 

$tratopause 

Evidence of a semiannual oscillation (SAO) in the 
zonal wind and temperature fields at the equatorial 
stratopause was established several decades ago by ra- 
diosonde and rocket measurements [Reed, 1962, 1965, 
1966: Belmont et al.; 1974, 1975] and reviewed by Hi- 
rota [1980]. The predominant features of the zonal wind 
oscillation are the occurrence of easterlies (westerlies) 
one month after the solstice (equinox), downward prop- 
agation of the wind regimes (less pronounced for the 
easterlies), and a 20-30 ms -• amplitude maximum at 
45-50 km located just south of the equator. The temper- 
ature oscillation also exhibits a downward propagation, 
with the largest amplitude (several degrees) occurring 
at, 35-40 km, slightly below the amplitude maximum 
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Figure 5. Time-height section of the zonal mean zonal 
wind (ms -z) at the equator from the DSP simulation 
(top) and the RFD simulation (bottom). The contour 
interval is 10 ms -z (< -20, dark shading; • 20, light 
shading). 

in the zonal wind and in accordance with thermal wind 

balance. The SAO is also know to exhibit a pronounced 
seasonal variation. The cycle from January to April, the 
so-called first cycle, is characterized by stronger easter- 
lies and westerlies than in the second cycle, from July 
to October [Belmont et al., 1975]. Seasonal variations 
in the temperature oscillation have also been reported 
from satellite measurements by Delisi and Dunkerton 
[1988], 

The time evolution of the monthly averaged zonal 
mean zonal wind at the equator during the 4 years of 
model simulation for the two experiments is presented 
in Figure 5. Throughout the entire middle atmosphere, 
alternating regimes of easterlies and westerlies propa- 
gate downward in the DSP experiment (Figure 5, top 
panel). At 1 hPa the winds are westward in January 
and July and eastward after the equinox (April and 
October). Considerable interannual variability is also 
apparent in the DSP zonal winds at the equator. For 
instance, a rather strong double cycle is seen during 
the second year, followed by a particularly weak Jan- 
uary to April cycle. In the stratosphere, below I hPa, 
the first cycle (January to April) is occasionally slightly 
stronger, while in the mesosphere, the westerlies of the 
second cycle tend t,o be larger. In the middle meso- 
sphere the long-term average zonal winds at the equa- 
tor (not shown) are eastward between 55 and 75 km 
and westward above, in qualitative agreement with ob- 
servations [Dunkerton, 1982; Hamilton, 1982]. 

We turn now to the RFD experiment. In the vicin- 
ity of the I hPa level there is a semiannual oscillation 
(Figure 5• bottom panel), although there is very lit- 
tle evidence of downward propagation. The first cycle 
of the oscillation is clearly stronger, with the January 
easterlies being about twice that of July. In addition 
the July easterlies are confined to the region below 55 
kin. The west,erlies are mainly confined to the meso- 
sphere and in April and October do not descend below 
45 km. Westerlies are,in fact, dominant throughout all 
the mesosphere and at the model top in the long-term 
mean. The RFD semiannual oscillation appears t,o be 
similar in character to that obtained with other general 
circulation models that do not employ parameteriza- 
tions of the effects of a spectrum of gravity waves [$assi 
et al., 1993; Hamilton et al., 1995]. The occurrence 
of stronger easterlies in January in the MA/ECHAM4 
model is also found in those other model results and is 

associated with the meridional advection of momentum 

by the residual mean meridional circulation, expected 
to be stronger during the northern hemisphere winter. 
See,for instance, Delisi and Dunkerton [1988], for a 
discussion of the seasonal variations of the semiannual 

oscillation at the stratopauseo 
The simulated oscillations are further compared in 

Figure 6, which shows the zonal wind semiannual am- 
plitude and phase distributions. In both experiments, 
near the I hPa level the semiannual amplitude is largest 
at the equator, with an amplitude of about 25 ms-Z• 
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Figure 6. Amplitude of the semiannual component of the zonal mean zonal wind (ms -z , top) 
and time of maximum westerlies (months, bottom), DSP simulation at left and RFD simulation 
at right. The contour interval is 5 ms -z for the zonal winds and 1 month for the phases (Month 
0 is January). 

and decreases poleward, in qualitative accord with ob- 
servations [Hirota, 1980; Belmont et al., 1974]. The 
interhemispheric asymmetry of the semiannual ampli- 
tude (i.e., larger amplitude just south of the equator 
[Belmont et al., 1974]) is, however, present only in the 
RFD experiment, which is consistent with the result 
that the easterlies are much stronger in January than 
in July only in the RFD experiment, (Figure 5). The 
vertical structure of the semiannual amplitude at the 
equator also is different in the two experiments. The 
oscillation in the RFD experiment is vertically confined 
to the vicinity of the 1 hPa level, while the DSP semian- 
nual amplitude is roughly constant between 45 and 55 
kin. In the upper stratosphere the vertical structure of 
the semiannual oscillation is better represented in the 
DSP experiment. The DSP amplitude minimum at 75 
km appears to be about 10 km higher than that sug- 
gested by observations [Hirota, 1978; Hamilton, 1982]. 
There may be several reasons for this discrepancy. For 
instance, the vertical structure of the oscillation at the 
stratopause may be distorted by the absence of the os- 
cillation at the mesopause [Hirota, 1978], which cannot 
be resolved because the top level in this model is ap- 
proximately at 80 km. Another possibility, investigated 
by means of a simple sensitivity experiment to be dis- 
cussed in section 4.1, is that the gravity-wave forcing in 
the DSP experiment may be somewhat too strong. 

The different character of the phase of the two sim- 
ulated oscillations is clearly illustrated in the bottom 
panels of Figure 6. While there is a clear downward 
progression of the time of the maximum westerlies in 

the DSP case, there is virtually no downward phase 
propagation of the semiannual oscillation in the RFD 
experiment. As expected from Figure 5, the maximum 
eastward DSP winds peak in April at the stratopause, 
while they are found in the upper mesosphere, close to 
the model top, about four months before, in December. 

Consistent with the thermal wind balance, a tem- 

perature SAO of several degrees Kelvin is also found 
in both experiments. The temperature oscillation in 
the DS.P simulation also propagates downward and dis- 
plays a noticeable interannual variability (Figure 7, top 
panel). 

The result,s from the RFD experiment indicate that 
the mechanism for the generation of the westward phase 
of the semiannual oscillation is captured by the model 
and is likely a consequence of the mean flow acceleration 
by the meridional advection associated with the residual 
mean meridional circulation. It is therefore reasonable 

to suppose that this effect is also present in the DSP 
experiment. 

In the DSP simulation the mesospheric westerlies are 
associated with the selective transmission and dissipa- 
tion of the gravity wave spectrum, a mechanism which 
is of course missing in the RFD experiment. At solstice, 
only eastward propagating gravity waves are transmit- 
ted through the stratosphere, where the winds are west- 
ward. Above the stratopause, where the wind shear 
changes sign, the eastward propagating gravity waves 
are dissipated, so producing the eastward drag in the 
mesosphere (positive drag in January and July in Figure 
7, bottom panel). Downward propagation then follows, 
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Figure 7. Time-height section of the zonal mean tem- 
perature deviation from the long-term mean (K, top) 
and the zonal mean zonal drag (ms-Zd -z, bottom) at 
the equator from the DSP simulation. The contour in- 
terval is 2 K for the temperature (< -4, dark shading; 
> 4, light shading) and 1 ms-Zd -1 for the zonal drag 
(< -2, dark shading; > 2, light shading). 

because the largest mean flow acceleration occurs where 
the wind shear is largest, just below the mean flow 
maximum. When the strongest westerlies have reached 
the stratopause, the selective transmission and dissi- 
pation process is reversed. Westward traveling gravity 
waves propagate through the upper stratosphere• are 
filtered out in the mesosphere, and thus force the meso- 
spheric easterlies. This mechanism of selective filtering 
of a gravity wave spectrum is well known and has been 
shown to produce equatorial oscillations in various ide- 
alized models (see Andrews et al., [•987] for a review). 

4.1. Sensitivity of Simulated SAO Westward 
Phase 

Although the phase distribution and the enhance- 
ment of the eastward phase of the SAO simulated by the 
DSP experiment may be considered an improvement, 
over that of the RFD simulation, there are some aspects 
of it that are not completely satisfying. These include 
the lack of interhemispheric asymmetry in the semi- 
annual amplitude distribution and the associated weak 
seasonal variation and pronounced downward propaga- 
tion of the westward phase. Given that the westward 
phase of the RFD experiment is actually more realistic 
in this respect, it is possible that the use of an isotropic 

spectrum at the initial height in the DSP experiment 
may have produced an excess of gravity wave forcing in 
the westward azimuth. 

To investigate this possibility in a simple and direct 
way,an additional 4 year simulation was performed, 
retaining the same configuration as in the DSP experi- 
ment, but setting the rms horizontal wind in the west- 
ward azimuth at the initial height to zero. The mean 
zonal wind at the equator obtained in this case (re- 
ferred to as DSP. II) is shown in Figure 8 (top panel). 
As in the DSP simulation, a semiannual oscillation is 

found at the stratopause, with easterlies and wester- 
lies propagating downward from the middle mesosphere. 
In the upper stratosphere, there appears to be a more 
uniform transition from westerlies to easterlies and an 

enhancement of the seasonal variation, with a stronger 
first cycle. Consequently, the DSP. II semiannual ampli- 
tude is slightly stronger just south of the equator at the 
stratopause and also decreases more rapidly with height 
in the mesosphere (not shown). That these changes are 
directly related to the gravity wave forcing is shown in 
the bottom panel of Figure 8, where the mean zonal 
gravity-wave drag at the equator is depicted. In the 
upper mesosphere the westward drag is clearly reduced 
in the DSP. II experiment, while the eastward drag is 
comparable in the two experiments. 
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Figure 8. Time-height section of the zonal mean zonal 
wind (ms op) and drg (ms-d bottom)a 
the equator from the DSP. II simulation. The contour 
interval is 10 ms -x for the zonal wind (< -20, dark 
shading; > 20, light shading) and 1 ms- xd- • for the 
zonal drag (< -2, dark shading; > 2, light shading). 
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5. Conclusions 

Selected results of a 4-year simulation (the DSP ex- 
periment) carried out with the MA/ECHAM4 middle- 
atmosphere general circulation model that includes the 
Doppler spread parameterization have been presented 
and have established the feasibility of using this pa- 
rameterization in GCMs. The Doppler spread param- 
eterization [Hines, 1997a, b] is based on the Doppler 
spread theory [Hines, 1991a, b, c; Hines, 1993] and ac- 
counts for the combined effects of nonlinear interactions 

among the waves and dissipation associated with the 
onset of instability in the determination of the momen- 
tum deposition due to a continuous spectrum of upward 
propagating gravity waves. An additional 4 year simu- 
lation (the RFD experiment) made with MA/ECHAM4 
model that used Rayleigh friction instead of the Doppler 
spread parameterization was performed and compared 
to the DSP experiment. 

The results presented have demonstrated that the 
Doppler spread parameterization is more effective than 
the Rayleigh friction in reducing the magnitude of the 
zonal mean zonal wind in the extratropical mesosphere 
in January and July. This is particularly evident in 
the southern hemisphere in July and may be expected 
since the dissipation of the gravity-wave spectrum in 
the Doppler spread parameterization depends on ver- 
tical variations of the large-scale winds. In the up- 
per mesosphere, where the vertical shear of the zonal 
wind is westward in winter, westward propagating grav- 
ity waves are strongly dissipated, thus facilitating the 
deceleration of the zonal mean zonal wind. This mech- 

anism is of course not possible using Rayleigh friction, 
which is linearly proportional to the wind and there- 
fore most effective only in regions where the winds are 
strong. 

Despite these improvements• there are still notice- 
able biases in the simulated DSP zonal mean circula- 

tion. These include the strong westerlies in the north- 
ern hemisphere winter, presumably due to the low res- 
olution used and to the exclusion of other dissipation 
processes (such as orographic gravity wave drag). Pre- 
liminary results from a recent 5 year integration with a 
T30 version of the current MA/ECHAM4 model, which 
•sed the Doppler Spread parameterization and an oro- 
graphic gravity wave drag (based on McFarlane [1987]), 
indicate that a more realistic zonal mean circulation is 

obtained [Manzini et al., 1997; McFarlane and Manzini, 
1997]. A substantial cold bias is also present in the 
southern hemisphere winter stratosphere. 

In the tropical middle atmosphere the comparison of 
the DSP and RFD experiments has demonstrated that 
both the downward propagation and the eastward phase 
of the simulated semiannual oscillation in the zonal 

mean zonal wind at the stratopause are enhanced in the 
DSP experiment. A more developed eastward phase in 
the DSP simulation is in agreement with the interpreta- 
tion that gravity waves may substantially contribute to 

its forcing, although equatorial Kelvin waves also play a 
role [Hamilton, 1986; Hitchman and Leovy, 1988]o The 
role of equatorial planetary waves has not yet been in- 
vestigated in the MA/ECHAM4 model. 

When the Doppler spread parameterization is used, 
the simulated semiannual oscillation is found to be in 

part sensitive to the specification of the input gravity 
wave spectrum. In the DSP. II experiment, where the 
rms wind in the westward azimuth at the initial height 
has been arbitrarily set to zero, the simulated oscilla- 
tion retains its basic character, while seasonal variations 
and the asymmetry in the downward propagation are 
improved. These results are consistent with the inter- 
pretation that the westward phase of the semiannual 
oscillation at the stratopause is forced in large part by 
the mean meridional advection of the summer easterlies 

into the winter hemisphere. 
The dependence of the stratopause semiannual oscil- 

lation on the parameterized gravity wave momentum 
deposition seen in the MA/ECHAM4 model is con- 
sistent with the previous results of Jackson and Gray 
[1994] who found a marked improvement in the simu- 
lation of the eastward phase in the extended UGAMP 
GCM by introducing a single gravity wave with phase 
speed of 20 ms -• in a Lindzen [1981] type gravity wave 
parameterization. The improvement of the simulation 
of the SAO therefore does not appear to be restricted 
to the use of only the Doppler spread parameterization. 

Concerning the SAO at the stratopause, the results 
from the MA/ECHAM4 general circulation model are 
also consistent with those of Mengel et al. [1995], who 
used the Doppler spread parameterization in a two- 
dimensional middle-atmosphere model. They found a 
semiannual oscillation in the zonal mean zonal wind in 

the tropical mesosphere and upper stratosphere, which 
they attributed to the effects of gravity wave dissipation 
as represented by the Doppler spread parameterization. 

In the tropical lower stratosphere, Mengel et al. [1995] 
found a longer period oscillation (about 20 months), 
with features similar to the observed quasi-biennial 
oscillation (QBO), but of weaker amplitude. In the 
present study, there appeared to be no suggestion of 
a realistic QBO, although very weak fluctuations (<3 
ms -x amplitude) on a biennial scale are present in all 
three simulations. These fluctuations were found to be 

sensitive to the specification of the surface rms wind 
distribution in the DSP and DSP. II experiments. In 
this respect, the results obtained in the present study 
appear to be in contrast with the findings of Mengel et 
al. [1995]. However, their simulated QBO-like oscilla- 
tion was found in a two-dimensional model, which did 
not include midlatitude planetary waves and explicit 
parameterizations of physical processes usually present 
in a general circulation model. In addition, their QBO- 
like oscillation was obtained in a simulation performed 
using a latitudinal average of the vertical diffusion as- 
sociated with the Doppler spread parameterization, an 
effect not included in the present experiments. 
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It should be noted that Mengel et al. [1995] only 
report on results with the mean and annual cycle re- 
moved, without indicating whether the QBO-like oscil- 
lation is actually producing alternating easterlies and 
westerlies at the equator. In a subsequent paper, Mayr 
et al. [1997] further examined the Mengel et al. [1995] 
results by means of sensitivity experiments. There it is 
shown that the oscillation is very sensitive to the im- 
posed gravity-wave momentum flux and vertical diffu- 
sion, therefore putting into question the robustness of 
their results. 

It is important to note that a somewhat idealized 
choice of the empirical input parameters of the Doppler 
spread parameterization has been used so far. Con- 
cerning the excessively strong southern hemisphere win- 
ter westerlies and the deficiencies in the summer hemi- 

sphere easterlies, the major limitation of the parameter 
settings used in the current model appears to be the 
imposition of a geographically uniform isotropic grav- 
ity wave spectrum. Although it is beyond the scope of 
this paper to determine the optimal parameter settings, 
the present results indicate, for instance, that an over- 
all increase of the rms wind speed would improve the 
southern hemisphere winter by decreasing the wester- 
lies while at the same time would worsen the northern 

hemisphere summer by reducing the easterlieso Conse- 
quently a seasonal variation of that parameter would 
have to be introduced. 

A first attempt to include both the seasonal and the 
spatial variability associated with convective and frontal 
activity has been reported on by Manzini et al. [1997]. 
Those results show that an increase in the gravity wave 
rms wind speed proportional to the total simulated pre- 
cipitation appears to improve the simulation in spring 
and autumn but not significantly in the southern hemi- 
sphere winter. 

Clearly, the task of defining these model parame- 
ters is very difficult. Hopefully, further observations 
of gravity wave spectral quantities, like wind and tem- 
perature variances and propagation directions, will help 
constrain the DSP and other gravity wave parameteri- 
zation schemesø 
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