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ABSTRACT

Current parameterizations of the gravity wave processes that are relevant to middle atmosphere general
circulation modeling need to have specified somewhere in the lower atmosphere a number of characteristics of
the gravity wave spectrum that arise from different possible gravity wave sources (i.e., the so-called gravity
wave source spectrum). The aim of this study is to take into account in the specification of the gravity wave
source spectrum a space and time modulation of the gravity wave wind variance and propagation direction
associated with the occurrence of frontal systems. Given that fronts are poorly resolved at the truncations
commonly used in middle atmosphere models (typically T21-T42), first a method is devised to diagnose con-
ditions that are considered to be the precursor of frontogenesis in a space and time-dependent low-resolution
flow. Thisis achieved by evaluating horizontal isotherm compression due to flow deformation and convergence.
Second, when particular conditions are satisfied, the precursor to frontogenesis is used as an indicator of subgrid-
scale gravity wave emission in the model. Third, the wind variance and the propagation direction of the gravity
waves at the source level are specified according to empirical evidences of frontal generation of gravity waves.
The MAECHAMA4 middle atmosphere response to this gravity wave forcing is presented. The study is restricted
to fronts since they are thought to be one of the major nonstationary gravity wave sources in the extratropics,
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other gravity wave source mechanisms being left for later examination.

1. Introduction

Middle atmosphere general circulation models
(MAGCMys) currently used in climate simulations do
not explicitly resolve the full spectrum of gravity waves
that are recognized to play afundamental rolein driving
the middle atmosphere circulation. The horizontal res-
olution used in the MAGCMs varies typically from T21
to T42 for spectral modelsand from 2° to 5° for gridpoint
models, and this is insufficient to resolve verticaly
propagating small-scale gravity waves with horizontal
wavelength smaller than 1000 km. Constraints on the
model vertical resolution can also affect the vertical
propagation of resolved inertia—gravity waves, presum-
ably with consequences for the eddy driving of zonal
wind oscillations in the tropical middle atmosphere (cf.
Hamilton et al. 1999). For a recent review on middle
atmospheric models and an illustration of their biases,
see Pawson et al. (2000).

Gravity wavesin the middle atmosphere areimportant
for driving the reversal of the temperature gradient (pole
to pole) in the upper mesosphere and the reversal of the
jets between the upper mesosphere and the lower ther-
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mosphere. In addition, gravity wave breaking in the me-
sosphere contributes to the driving of the large-scale
seasonally dependent meridional mass circulation char-
acterized by sinking motions in the polar winter strato-
sphere. Therefore, the influence of the mesospheric
gravity waves may also extend downward and affect the
temperature structure of the polar winter stratosphere
(Haynes et al. 1991).

In order to take into account the momentum transfer
from the lower to the upper atmosphere associated with
gravity waves, the common approach in middle atmo-
sphere modeling is to parameterize gravity wave pro-
cesses. One of the first attempts was to use Rayleigh
friction in order to crudely represent the momentum
deposition due to gravity wave dissipation in the me-
sosphere and the associated induced force on the large-
scale flow (see, e.g., the early work of Leovy 1964, but
note that his approach was not meant to specifically
represent the effects of gravity waves since their role
in the mesosphere was still unknown in the early 1960s).
However, Rayleigh friction, that is, linear momentum
relaxation, is a restrictive approach since it cannot rep-
resent the gravity wave-induced forcing that leads to
the reversal of the jets between the upper mesosphere
and the lower thermosphere, nor the zonal wind oscil-
lations in the tropical middle atmosphere. In addition,
Rayleigh friction may induce spurious feedbacks on the
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large-scale meridional circulation (Shepherd et al.
1996).

More recently, parameterizations have been devel-
oped that address the propagation and dissipation of a
gravity wave spectrum assumed to arise from a variety
of gravity wave sources (Medvedev and Klassen 1995;
Hines 1997a,b; Warner and Mclntyre 1996, 1997). Such
parameterizations have been applied in MAGCMs by
McFarlane et al. (1997), Manzini et a. (1997a,b), Man-
zini and McFarlane (1998), and Medvedev et al. (1998).

One outstanding limitation of current parameteriza-
tions of the propagation and dissipation of a gravity
wave spectrum is that they do not consider how gravity
waves are forced in any detail, with the exception of
the assumptions necessary to make the parameterization
problem treatable. These parameterizationsgenerally re-
quire the specification of agravity wave spectrum some-
where in the lower atmosphere (hereafter called the
gravity wave source spectrum) as an input. The gravity
wave source spectrum is therefore relatively uncon-
strained. Free parameters include, for instance, the
launching level of the source spectrum, the gravity wave
variance, the direction of propagation, the effective hor-
izontal wavenumber, and the vertical wavenumber pow-
er spectral density.

A global climatology of gravity wave sources from
which to construct a gravity wave source spectrum is
however not available and indeed a subject of active
research, but studies of middle atmospheric gravity
wave distribution and characteristics on fairly extended
regions over the globe are available. Hamilton (1991)
found a strong seasonal variation of the gravity wave
propagation direction in the height range 28-57 km in
the extratropics using rocketsonde data, consistent with
theoretical studies of wave propagation in nonuniform
media. Eckermann et al. (1995) suggest, also from rock-
et soundings, that a strong seasonal dependence of high-
latitude gravity wave variance, with maximum in winter
and minimum in summer, occurs in the stratosphere.
From radiosonde measurements, Allen and Vincent
(1995) studied the seasonal and geographical depen-
dence of gravity waves over Australia and established
that the gravity wave energy density in the lower strato-
sphere at midlatitudes seemsto be lower in summer than
in winter by afactor of two. The phenomena, and their
relative importance, at the origin of what seems to be
a seasonal and geographical variation of stratospheric
gravity wave activity remains, however, debatable. Al-
though the variability of tropospheric gravity wave
source mechanisms can indeed represent anonnegligible
factor in explaining some of the stratospheric gravity
wave variability, other factors should be considered. In
that regard, Alexander (1998) proposed that background
wind effects and limitations of observational techniques
can modify the interpretation of gravity wave clima-
tological characteristics.

Nonstationary gravity waves that are present in the
middle atmosphere can be generated by a number of
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tropospheric or lower stratospheric meteorological phe-
nomena among which fronts seem to play a relatively
important role in the extratropics. Fritts and Nastrom
(1992) calculated from aircraft measurements that total
wind variance on segments of 64 and 256 km in the
upper troposphere/lower stratosphere can increase to
~3-6 m? s~2 when frontal activity is occurring in the
troposphere, as compared with a background variance
of the order of 0.5-1.5 m? s~2. In their data analysis,
fronts seem to generate gravity wave variance values
comparable to jet stream excitation, but somewhat less
than topographic excitation. Eckermann and Vincent
(1993) used VHF radar observations over Southern Aus-
tralia and found that horizontal wind variance bursts
reaching up to 10-100 m? s—2 were generated in the
upper troposphere/lower stratosphere during the passage
of cold fronts. According to these authors, this dramatic
increase in variance is caused by gravity waves gen-
erated by frontal systems. High resolution numerical
simulations (e.g., Griffiths and Reeder 1996; Reeder and
Griffiths 1996) also strongly suggest that frontal systems
can be an important source of gravity waves.

This work is a first attempt to address the problem
of how to relate part of the source spectrum of agravity
wave parameterization to frontal systems. Given that
MAGCMs at T21-T42 truncations poorly resolve the
frontal systemsthemselves, a possible approach consists
in determining precise resolved flow conditions that can
be precursors of gravity wave emission in the real at-
mosphere. This approach will be taken here with the
aim of linking subgrid-scale gravity wave emission to
conditions that could lead to frontogenesis, were the
model resolution higher. In particular, the gravity wave
emission assumed to be associated with frontal systems
is linked to a model-resolved tropospheric flow config-
uration that describes isotherm compression by wind
deformation and convergence and that can beinterpreted
as favorable to frontogenesis.

The purposes of thiswork are first to establish a sim-
ple method for representing gravity waves forced by
frontal systems and second to evaluate the impact of
spatial and temporal variations of the tropospheric grav-
ity wave source distribution on the middle atmospheric
mean circulation by taking into account frontal systems.
Other gravity wave source mechanisms are left for fur-
ther examination in following studies.

The vast majority of the gravity waves present in the
stratosphere and mesosphere being of tropospheric or-
igin, achange, in aclimatological sense, of tropospheric
variability (e.g., a change in frontogenesis occurrence)
could possibly infer a change in gravity wave source
climatology. The approach used in thiswork isto relate
at least part of the parameterized gravity wave source
spectrum to the resolved flow in the model. It will there-
fore take into account possible changes of the simulated
tropospheric variability in the gravity wave forcing. An
additional link between the lower and the middle at-
mosphere that addresses the role of tropospheric syn-
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optic activity in the middle atmospheric circulation is
consequently incorporated into the general circulation
model.

The paper isorganized asfollows. Section 2 describes
the method applied in this study of linking gravity wave
emission to fronts, independently of the specific param-
eterization of gravity waves used. Section 3 presentsthe
general circulation model employed and the design of
the simulations performed in order to establish the pro-
posed method and to evaluate the response of the middle
atmosphere circulation. Results are reported and dis-
cussed in sections 4 and 5. A summary and some con-
clusions are drawn in section 6.

2. Gravity waves from fronts. Parameterization

a. Linking the resolved tropospheric circulation to
fronts

Frontogenesis is most likely to occur when a strong
deformation wind field acts to increase the horizontal
temperature gradient. In two dimensions (latitude-lon-
gitude), the evolution of the horizontal potential tem-
perature gradient is given by the so-called frontogenesis
function (Miller 1948; Hoskins 1982)
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when vertical motion, diabatic effects, and diffusion are
neglected (thus, D/Dt is a horizontal Lagrangian deriv-
ative on the sphere). In Eq. (2.1), 6 is the potential
temperature, u is the zonal wind, v is the meridional
wind, A isthe longitude, and ¢ isthe latitude. It is easy
to show that Eq. (2.1) can be rewritten as a function of
two deformation fields and divergence, but is indepen-
dent of the vertical component of vorticity. High values
of the right-hand side of Eqg. (2.1) at some selected
vertical level can be interpreted as a possible precursor
to frontogenesis when 6, u, and v are interpreted as
large-scale (or resolved) fields. In the context of a nu-
merical simulation at relatively low resolution, fronto-
genesis may not occur, but high values (greater than
some selected threshold) of the quantity defined by Eq.
(2.1) could indicate that it would have occurred at a
sufficiently high resolution. The approach followed here
assumes that the frontogenesis function calculated at a
single vertical level in the troposphere suffices to de-
termine the possible occurrence of frontogenesis.

CHARRON AND MANZINI

925

b. Frontogenesis function versus fronts

In order to verify if Eq. (2.1) can actually reproduce
the occurrence of frontal zones and to compare their
locations with those given by the frontogenesisfunction
at alower resolution, frontal systems would have to be
explicitly diagnosed from very high horizontal resolu-
tion simulations of a global model. The availability of
the operational European Centre for Medium-Range
Weather Forecasts (ECMWEF) analysis, at T319 hori-
zontal truncation and 31 vertical levelsranging from the
surface to 10 hPa allows to perform such an eval uation.
Low-level frontal regions are diagnosed from the
ECMWF analysis dataset (reduced at T213) from the
horizontal temperature gradient

|V,T'| = 2K (100 km) (2.2)

at a height corresponding to about 800 hPa in the ab-
sence of topography for the period April 1998 to Feb-
ruary 1999. The presence of fronts has not been con-
sidered north of 75°N and south of 75°S because of the
high sensitivity to anomalies in the data assimilation
process at these latitudes that can render the analysis
data not trustful. Given that the database is used with
ahybrid sigma-pressure vertical coordinate, the gradient
is obtained from

T’

Py vV, o.
The derivatives are madein gridpoint space with afinite-
difference scheme precise to order 2 (higher-order
schemes have been tested but with no significant chang-
es in the results). Here, T’, the temperature departure
from the monthly mean average, is used instead of the
actual temperature in order to neglect stationary patterns
that might be more representative of land—sea contrasts
than frontal dynamics. The threshold of 2 K (100 km)—*
has been determined empirically by choosing a value
of about 2.5 standard deviations away from the tem-
perature gradient space and time mean.

The right-hand side of Eq. (2.1) is calculated on a
hybrid sigma-pressure level near 600 hPausing the same
ECMWF analysis dataset, but truncated at T42 reso-
lution [the horizontal derivatives being calculated asin
Eqg. (2.3)], and can be compared with the front positions
obtained from the T213 resolution. The choice of a dif-
ferent vertical level for comparing fronts predicted by
the frontogenesis function at T42 (~600 hPa) and actual
fronts at T213 (~800 hPa) is justified as follows:. since
the frontogenesis function evaluated at a single level
(presumably the level at which gravity waves emerge)
will be used as a gravity wave source indicator in the
simulations described in section 3, and supposing that
gravity waves emerge somewhat above the low-level
frontal regions, it is important to know whether or not
the frontogenesis function diagnosed in the middle tro-
posphere is capable of indicating the presence of frontal
regions below. Figure 1 shows how the right-hand side

VT =V,T - (2.3)
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FiG. 1. (upper panel) Northern Hemispheric frontal zones as com-
puted using |V,T| = 2 K (100 km)~* on the ECMWF analyses at
T213 1200 UTC 15 Jan 1999 at around 800 hPa (sigma-pressure
hybrid level). (second panel) Diagnosed fronts as computed using the
right-hand side of Eq. (2.1) on the ECMWF analyses at T42 for the
same time, but at around 600 hPa. The gray regions indicate values
greater than 0.1 K2 (100 km) -2 h-*. (bottom two panels) Similar to
the first and second panel, respectively, but the Southern Hemisphere
is shown at 1200 UTC 15 Jul 1998.

of Eq. (2.1) can reproduce the occurrence of frontswhen
a minimum threshold of 0.1 K2 (100 km)-2 h-* is em-
ployed to isolate regions of expected frontogenesis. As
a comparison, the initial conditions of two-dimensional
simulations of fronts performed by Griffiths and Reeder
(1996) give a value of 0.07 K2 (100 km)~2 h-*, indi-
cating that the threshold used in the present work is
relatively stringent. The frontogenesis function calcu-
lated at arelatively low resolution can indeed be a good
front indicator. See, for instance, the occurrence of
fronts just over Japan, across the northeast Pacific and
the northern Atlantic, from North America to Scandi-
navia. In the Southern Hemisphere, frontal activity is
diagnosed from both methods southwest of Australia
and west of South America.

A simple alternative to the frontogenesis function
would have been to use the modulus of the temperature
gradient itself [but, e.g., a a smaller threshold value
than 2 K (100 km)~*] as a front indicator in the low-
resolution model, but this approach does not take ad-
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vantage of the additional information provided by the
large-scale wind deformation and convergence that is
crucial to frontogenesis. Thisiswhy the use of the front-
ogenesis function has been preferred.

c. Gravity wave emission from the frontogenesis
function

The parametersthat are necessary to completely spec-
ify a spectrum of gravity waves emerging from frontal
disturbances being mostly unknown, the approach fol-
lowed here is based on two empirical pieces of evidence
gathered from measurements and high-resolution nu-
merical simulations: bursts of high horizontal wind var-
iance linked to gravity wave motion are observed on
the passage of fronts (Fritts and Nastrom 1992; Eck-
ermann and Vincent 1993), and gravity waves are emit-
ted, at least, in the cross-front directions (Griffiths and
Reeder 1996; Reeder and Griffiths 1996). According to
these authors, the cross-front circulation and the re-
sulting isentrope oscillations could be the mechanism
producing the gravity waves, although it is not clear
whether low-level fronts or high-level fronts are re-
sponsible for the stratospheric gravity waves. Based on
these observations and the high-resolution idealized nu-
merical results; the total variance, the orientation of
propagation, and the launching height of the gravity
wave source spectrum are specified in the following
way:

1) At the launching level 7, located around 600 hPa,
the right-hand side of Eq. (2.1) is evaluated. This
fixed launching level is chosen a priori in the scope
of representing gravity wavesthat are emerging from
low-level fronts.

2) If the threshold of 0.1 K2 (100 km)~-2 h-* at some
horizontal grid point and time step is reached, a sub-
grid-scale total gravity wave wind variance of 4 m?
s~2isimposed at that horizontal grid point and time
step. The horizontal propagation directions of the
equally bipartitioned vertical flux of horizontal mo-
mentum in a frame of reference moving with the
flow are chosen to be given by the two cross-front
directions «, and «,, where

o = arctan(cosd)ae/ad))

a, = o, + m

a010A (24)

3) If the threshold is not reached, an isotropic total
gravity wave wind variance of 0.64 m? s—2isinstead
imposed with the aim of representing other possible
gravity wave sources.

The remaining free parameters of the gravity wave
source spectrum will therefore depend only on the re-
quirements of the specific parameterization of the prop-
agation and dissipation of the gravity wave spectrum
used in the general circulation model. The specified val-
ue of 4 m2 s—2 at launching level when the frontogenesis
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function reaches the threshold has been chosen empir-
ically so that variances emerging from the troposphere
generally agree with values reported in Fritts and Nas-
trom (1992). As noted earlier, high-level fronts (close
to the tropopause) are al so possible generators of gravity
waves. However, given the uncertainty on the frontal
gravity wave launching level in the high-resolution nu-
merical simulations (Griffiths and Reeder 1996; Reeder
and Griffiths 1996), sensitivity tests on the frontal grav-
ity wave launching level have not been considered here.

3. General circulation model and design of the
simulations

The MAECHAM4 model is the extension to the me-
sosphere of the spectra ECHAM4 general circulation
model of the atmosphere (Roeckner et al. 1996). For a
description of the MAECHAM4 model, the reader is
referred to Manzini et al. (1997a) and Manzini and
McFarlane (1998) and references therein. For an eval-
uation of the large-scale transport, see Manzini and Fei-
chter (1999). In the standard configuration of the MAE-
CHAM4 model, the vertical domain ranges from the
surface to 0.01 hPa (~80 km), discretized on a hybrid
sigma-pressure coordinate system with 39 vertical lay-
ers. Triangular spectral truncation at either wavenumber
30 (T30) or 42 (T42) is used. Two methods are used in
combination to parameterize gravity wave processes:
The orographic waves are treated by a modification of
the McFarlane (1987) parameterization, while gravity
waves assumed to give rise to a continuous broadband
spectrum are parameterized following Hines (1997a,b).

In order to be used in a general circulation model, a
number of simplifications needs to be considered in any
parameterization of the effects of gravity waves. For the
Hines parameterization, these simplificationsincludethe
absence of Coriolis and nonhydrostatic effects, as well
as back reflection, implying that the gravity wave spec-
trum can be written as a function of vertical wave-
number only. The horizontal wavenumber dependence
of the spectrum is integrated out, and an equivalent
(relatively unconstrained) horizontal wavenumber K* is
used to characterize the horizontal scale of the gravity
waves. In the parameterization, Doppler spreading by
nonlinear wave-wave interactions is assumed to play
an essential role in the dissipation of the upward prop-
agating gravity waves. Wave breaking is represented by
imposing an upper limit to the range of vertical wave-
numbers in the spectrum (a‘‘ cutoff’’ wavenumber) that
can propagate above the altitude considered. Any spec-
tral element that is moved to a vertical wavenumber
greater than the cutoff wavenumber due to Doppler
spreading, background wind variations, and/or to insta-
bility of the whole spectrum is considered to be dissi-
pated and is removed, thus producing momentum flux
deposition. The momentum flux carried by the waves
iscontrolled by specifying gravity wave horizontal wind
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variances in each azimuthal direction at a given source
level.

The reference simulation, hereafter labeled GWRFL1,
is carried out with the MAECHAM4 model with the
parameterization of the gravity wave emission from
frontal disturbances applied to the input source spectrum
of the Hines parameterization. The GWRF1 employs
T30 truncation and includes a few other modifications
to the input source spectrum with respect to the config-
uration used by Manzini and McFarlane (1998), as de-
tailed below. In addition, three sensitivity simulations
have been carried out, respectively, labeled GWRF2,
UNI1, and UNI2 and also described below. The results
from the GWRF1, UNI1, and UNI2 simulations are each
one from 12-yr integrations (after spinup from an earlier
model version), while results from the GWRF2 simu-
lation are from a 5-yr integration. Climatol ogical bound-
ary conditions, for example, sea surface temperature
(Gates 1992), have been used for all simulations. Sea-
sonal and diurnal cycles are included in the radiative
transfer calculations for al cases.

a. GWRF1 and GWRF2 simulations: Gravity wave
source from resolved flow

The GWRF1 and GWRF2 simulations differ only for
the horizontal resolution employed. The shorter T42 in-
tegration is performed in order to test the sensitivity to
horizontal resolution of the method used to diagnose the
possibility of frontogenesis, given that the middle at-
mosphere sensitivity to the increase in horizontal res-
olution from T30 to T42 has been found to be modest
in previous MAECHAM4 simulations (see http://
www.mpimet.mpg.de/Depts/Modell/M A/sal zau.html).

In order to simplify the intercomparison between the
two sets of simulations, the latitudinal dependence of
the effective horizontal wavenumber K*, included in the
standard MAECHAM4 model (see Manzini and Mc-
Farlane 1998), has been here neglected. In the current
simulations, the constant effective horizontal wave-
number has been chosen to be

K* = 5% 105 m* ~ 27(126 km) ™.

A further modification to the standard configuration
of the Hines parameterization used so far in the MAE-
CHAM4 model is the inclusion of alower bound to the
vertical wavenumber power spectral density, set to 2
(20 km)~1, in order to neglect gravity waves with un-
realistically large vertical wavelengths. Simulation tests
have shown that the sensitivity to the introduction of
the lower bound is amost negligible and restricted to
the upper mesosphere, presumably because shorter ver-
tical wavelengths dominate the momentum flux depo-
sition below the model top at 80 km, as suggested by
the results of McLandress (1997). The influence of the
lower bound in the vertical wavenumber power spectral
density isinstead expected to be noticeable if the model
top were to be raised to the lower thermosphere.
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FiG. 2. (upper panel) Fifteen-year ensemble mean of the monthly
zonal mean total gravity wave wind variance (m? s-2) obtained from
an offline calculation from the ECMWF reanalyses at T30 and at 600
hPa. (middle) and (lower panels) Twelve-year and 5-yr ensemble
means of the monthly zonal mean total gravity wave wind variance
(m? s72) at the launching level (near 600 hPa) obtained from the
GWRF1 and GWRF2 experiments, respectively. The contour interval
is0.1 m?2s2.

In the current simulations, the slope of the power
spectral density at the launching height is specified to
be +1 for vertical wavenumbers smaller than the cutoff
wavenumber.

The level ), at which the gravity wave source spec-
trum is specified and the frontogenesis function eval-
uated, is chosen to be the eigth full hybrid level above
the surface (at 600 hPa in the absence of topography).
As the GWRF1 and GWRF2 simulations evolve, the
right-hand side of Eq. (2.1) is computed at each grid
point and time step at the », level in order to determine
whether or not conditions favorable to frontogenesisare
met and to specify the gravity wave variance and di-
rection of propagation accordingly (see section 2c).
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Note that in the right-hand side of Eq. (2.1) the hori-
zontal derivatives are obtained as in Eq. (2.3), but the
geopotential is replaced by pressure.

In the standard configuration of the Hines parame-
terization, eight equally spaced azimuthal directionsare
employed as directions of wave propagation. This de-
sign is carried over for the current simulations, except
for the case when conditions favorable to frontogenesis
are met and therefore only two azimuths are used at the
launching height, that is, those in the vicinity of «, and
«, introduced in section 2c.

b. UNI1 and UNI2 simulations: Uniform gravity
wave variance at launching level

The UNI1 and UNI2 simulations are sensitivity tests
and serve as a mean of directly evaluating the impact
of including a representation of fronts in the gravity
wave source. Both UNI1 and UNI2 simulations are car-
ried out at T30 truncations. They share the new features
of the GWRF1 and GWRF2 configuration of the source
spectrum concerning the launching level 7, the con-
stant K*, and the lower bound to the vertical wave-
number. UNI1 and UNI2 also share the standard con-
figuration, that is, the slope of the vertical wavenumber
power spectral density and the number of azimuthal
directions for gravity wave propagation.

The source spectrum of the UNI1 simulation is as-
sumed to be isotropic. The total gravity wave variance
at the launching level is set to 0.64 m? s=2, uniform in
space and constant in time. The UNI1 source spectrum
would therefore be identical to the one specified in sim-
ulations GWRF1 and GWRF2 if the minimum threshold
of the frontogenesis function was never reached in these
latter simulations. The only nonuniformity in the source
spectrum used in the UNI1 simulation arises from the
dependence of the cutoff vertical wavenumber on the
buoyancy frequency at the launching level.

The source spectrum of the UNI2 simulation is spec-
ified asin UNI1, but the total gravity wave variance at
the launching level is here set to 1 m? s~2. Such avalue
is very close to the maximum zonal and monthly mean
total variance at launching level located at middle and
high latitudes that is diagnosed in simulation GWRF1,
as is shown in the following section.

The total gravity wave variances used in the UNI1
or UNI2 simulations are therefore, respectively, close
to the smallest and the largest average variances pro-
duced in GWRFL1. The comparison of the GWRF1 sim-
ulation with either the UNI1 or UNI2 simulation will

TaBLE 1. Name and brief description of the four performed simulations.

Label Resolution Integration time Total gravity wave wind variance at source level
GWRF1 T30 12 yr Frontal: 4 m? s-2, nonfrontal: 0.64 m? s2
GWRF2 T42 5yr Frontal: 4 m? s-2, nonfrontal: 0.64 m? s-2
UNI1 T30 12 yr Uniform, constant, and isotropic: 0.64 m? s2
UNI2 T30 12 yr Uniform, constant, and isotropic: 1 m? s-2
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Fic. 3. (upper panel) Fifteen-year ensemble mean in Jan of the
horizontal distribution of the total gravity wave wind variance (m?
s~2) obtained from an offline cal cul ation from the ECMWF reanal yses
at T30 and at 600 hPa. (middlie panel) Twelve-year ensemble mean
in Jan of the horizontal distribution of the total gravity wave wind
variance (m? s—2) at the launching level for the GWRF1 experiment.
(lower panel) Mean horizontal front distribution in Jan 1999 obtained
using |V,T| = 2 K (100 km)~* from the ECMWF analyses at T213
and near 800 hPa. On the upper and middle panels, the contour
internal is 0.2 m? s=2. Only the Northern Hemisphere is shown.

consequently illustrate different aspects of the sensitiv-
ity of the model extratropical middle atmosphere cir-
culation to the introduction of a space and time gravity
wave source variability.

Table 1 summarizes some relevant specificities of the
four simulations performed in the present study.

4. Gravity wave distributions
a. Launching level and lower stratosphere

Given that the gravity wave wind variance produced
in the simulations GWRF1 and GWRF2 depends on the
resolved flow, namely, on the distribution of the front-
ogenesis function given by Eqg. (2.1), it isimportant that
the processes leading to the possible occurrence of
fronts (i.e., synoptic baroclinic eddies) are reasonably
simulated in the model. Thisis usually the case at T30
truncation, although systematic biases in the model may
affect the space and time eddy statistics. In order to
evaluate to what extent the current model is able to
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Fic. 4. (upper panel) Fifteen-year ensemble mean in Jul of the
horizontal distribution of the total gravity wave wind variance (m?
s~2) obtained from an offline cal cul ation from the ECMWF reanalyses
at T30 and at 600 hPa. (lower panel) Twelve-year ensemble mean in
Jul of the horizontal distribution of the total gravity wave wind var-
iance (m? s~2) at the launching level for the GWRF1 experiment.
Only the Southern Hemisphere is shown. The contour interval is 0.2
m2s-2,

reproduce the distribution of the frontogenesis function
given by Eq. (2.1), an offline version of the code eval-
uating the gravity wave variance at 600 hPa based on
the frontogenesis function as described in section 2 has
been applied on 15 yr of ECMWF reanalyses sampled
twice a day at truncation T30.

The ensemble mean of the monthly zonal mean grav-
ity wave variance computed from the ECMWF reanal -
yses at 600 hPa and from the GWRF1 at the launching
level are compared in Fig. 2 (upper and middle panels).
Figure 2 indicates that the seasonal modulation and the
interhemispheric asymmetry (northern summer values
lower than southern summer ones) are well reproduced
by the model at resolutions T30, but that the winter
values of the frontogenesis function are slightly over-
estimated by the model at middle and high latitudes.
The double peak structure in the winter Southern Hemi-
sphere at 50° and 70°S clearly seen in the case of the
ECMWEF reanalysesisalso present, but lessaccentuated,
in the GWRF1 simulation. As it may be expected, for
both the ECMWF and GWRFL1 cases, the variance is
below 0.7 m? s=2 in the tropica regions; that is, the
flow conditions are not favorable to frontogenesis.

The lower panel of Fig. 2 depicts the ensemble mean
of the monthly zonal mean gravity wave variance at
launching level for the experiment GWRF2 (truncation
T42). The seasonal and latitudinal variations of the
GWRF1 variance are very similar to those of the
GWRF2 variance, although slightly larger values are
found during both the northern and southern winter. The
larger GWRF2 variance means that the occurrence of
relatively high values of the frontogenesis function in-
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TaBLE 2a Twelve-year ensemble mean of the monthly zonal mean azimuthal distribution of the vertical flux of horizontal momentum
carried by gravity waves for experiment GWRF1 at launching level in Jan for extratropical latitude bands of 15°. Values exceeding 0.160

are in bold.
Direction 90°-75°N 75°—60°N 60°—45°N 45°-30°N 30°-45°S 45°-60°S 60°-75°S 75°-90°S
E 0.125 0.110 0.110 0.107 0.082 0.109 0.119 0.121
NE 0.126 0.120 0.112 0.125 0.096 0.128 0.130 0.127
N 0.124 0.147 0.139 0.157 0.200 0.144 0.129 0.126
NW 0.125 0.123 0.140 0.110 0.121 0.118 0.122 0.126
W 0.125 0.110 0.110 0.107 0.082 0.109 0.119 0.121
SW 0.126 0.120 0.112 0.125 0.096 0.128 0.130 0.127
S 0.124 0.147 0.139 0.157 0.200 0.144 0.129 0.126
SE 0.125 0.123 0.140 0.110 0.121 0.118 0.122 0.126

creases with resolution as smaller scales are allowed to
develop. This behavior suggests that in order to keep
the same value of gravity wave momentum flux emis-
sion as in experiment GWRF1, the threshold of the
frontogenesis function beyond which gravity wave
emission by fronts is allowed should be slightly in-
creased when using a truncation T42. Nevertheless, the
increasein gravity wave wind variance when going from
T30 to T42 truncation is relatively modest and suggests
that the threshold employed here for predicting front-
ogenesis is robust to resolution changes of this order.
The horizontal distribution of the gravity wave var-
iance computed from the ECMWF dataset at 600 hPa
and from the GWRF1 simulation at the launching level
isshownin Fig. 3 (upper and middle panel, respectively)
for the January ensemble mean. The bottom panel of
Fig. 3 shows the January 1999 mean horizontal frontal
distribution at around 800 hPa obtained from the
ECMWEF analyses at truncation T213. For all three da-
tasets, regions of high variance are located over Eastern
Asia-Northern Pacific and from Eastern North America
to the Northern Atlantic. These regions are indicative
of enhanced frontogenesis and correspond to the ob-
served storm tracks (Blackmon 1976; Blackmon et al.
1984; Hoskins and Valdes 1990; Kageyamaet al. 1999).
Consequently, it appears that the synoptic activity is
correctly simulated by the model troposphere [see Ka-
geyamaet al. (1999) for an evaluation of the ECHAM3
model on this matter]. Although the two main fronto-
genesis regions in January coincide fairly well on the
three panels, the frontal distribution over the eastern
coast of Asia diagnosed from the ECMWF analysis

(lower panel) seems somewhat less dense than the one
predicted from the frontogenesis function (lower and
middle panels). But care is needed when comparing with
the lower panel of Fig. 3 since it is based on one single
month of data sampled twice daily. Note also the anom-
alous spot of high gravity wave variance diagnosed by
the model situated over the Himalayas (middle panel)
that is certainly due to an overestimation induced by
strong orography of the derivativesin Eq. (2.1). Indeed,
an offline calculation of the frontogenesis function on
the GWRF1 data at the constant pressure level of 600
hPa (not shown) does not reproduce this anomaly, sug-
gesting that the last term on the right-hand side of Eq.
(2.3) might not suffice to correct completely the influ-
ence of orography in the derivative evaluations when
the orography slope is very strong. Such anomalous
spots do not occur anywhere else.

Figure 4 issimilar to Fig. 3, but illustrates the South-
ern Hemisphere in July. The locations of high and low
mean gravity wave variance regions in experiment
GWRF1 are generally in agreement with the offline cal-
culation on the ECMWF reanalyses, but with a general
model overestimation between 40° and 70°S. In partic-
ular, the estimated relatively low occurrence region of
frontogenesis centered over New Zealand (upper panel)
is captured, although it is slightly smaller, in experiment
GWRF1 (lower panel). Also, the region of relatively
high variance values between 60°W and 70°E near 50°S
diagnosed from the reanalyses extends almost around a
longitude circle in experiment GWRF1, although arel-
ative maximum is discernible between 30°W and 50°E
around 50°S. The relative maximum located between

TABLE 2b. Twelve-year ensemble mean of the monthly zonal mean azimuthal distribution of the vertical flux of horizontal momentum
carried by gravity waves for experiment GWRF1 at 70 hPa in Jan for extratropical latitude bands of 15°. Values exceeding 0.160 are in

bold.
Direction ~ 90°-75°N 75°—60°N 60°—45°N 45°-30°N 30°-45°S 45°-60°S 60°-75°S 75°-90°S
E 0.097 0.059 0.031 0.006 0.008 0.044 0.060 0.090
NE 0.106 0.091 0.055 0.028 0.019 0.068 0.092 0.106
N 0.128 0.171 0.172 0.200 0.152 0.134 0.121 0.124
NW 0.149 0.169 0.231 0.191 0.215 0.144 0.137 0.146
w 0.151 0.143 0.164 0.212 0.130 0.143 0.153 0.145
SW 0.137 0.139 0.150 0.227 0.154 0.189 0.190 0.156
S 0.124 0.145 0.133 0.118 0.290 0.196 0.153 0.129
SE 0.108 0.083 0.064 0.019 0.033 0.082 0.094 0.102
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TaBLE 2¢c. Twelve-year ensemble mean of the monthly zonal mean azimuthal distribution of the vertical flux of horizontal momentum
carried by gravity waves for experiment GWRFL1 at launching level in Jul for extratropical latitude bands of 15°. Values exceeding 0.160

are in bold.
Direction 90°-75°N 75°—60°N 60°—45°N 45°-30°N 30°-45°S 45°-60°S 60°-75°S 75°-90°S
E 0.120 0.100 0.101 0.089 0.123 0.121 0.121 0.124
NE 0.121 0.109 0.116 0.133 0.124 0.125 0.125 0.125
N 0.130 0.159 0.148 0.173 0.129 0.131 0.129 0.127
NW 0.128 0.132 0.134 0.105 0.125 0.123 0.125 0.124
W 0.120 0.100 0.101 0.089 0.123 0.121 0.121 0.124
SW 0.121 0.109 0.116 0.133 0.124 0.125 0.125 0.125
S 0.130 0.159 0.148 0.173 0.129 0.131 0.129 0.127
SE 0.128 0.132 0.134 0.105 0.125 0.123 0.125 0.124

60°E and 180° at around 70°S corresponds well in the
two panels (the peak simulated by the model being
dlightly eastward compared with the one obtained from
the reanalyses). The relatively low magnitude of the
discrepancies of the variance distribution between re-
analyses and GWRF1 is not expected to produce a sig-
nificant bias on the middle atmosphere simulation.

Table 2 shows the portion of momentum flux carried
by gravity waves along each model azimuthal direction
at the launching level and at 70 hPa for the experiment
GWRF1. Data are 12-yr ensemble monthly zonal means
of 15° wide latitude bands. At the launching level, mean
quasi-isotropy is observed in January and July, although
the north—south direction is slightly dominant in the
Summer Hemisphere and in the Northern Hemisphere
in January. The symmetry in opposing directions is a
consequence of the equal bipartition of the momentum
flux described in section 2. At 70 hPa, the filtering effect
on gravity waves of the prevailing eastward tropospheric
flow is obvious and absorption by critical levelsreduces
the eastward component of the gravity wave momentum
flux. The west to southwest directions in the lower
stratosphere in July in the 45°-60°S latitude band agree
with anisotropy reported by Vincent et al. (1997) using
radiosonde observations made at Macquarie Island
(55S). Mean gravity wave anisotropy in the lower strato-
sphere derived from the SPARC radiosonde initiativeis
also fairly consistent with results shown in Tables 2b
and 2d, showing biases toward the northwest direction
in the winter Northern Hemisphere, and toward the
southwest direction in the winter Southern Hemisphere
at midlatitudes (R. A. Vincent 2001, personal com-
munication).

The ensemble monthly zonal mean azimuthal distri-
bution of horizontal momentum flux carried by gravity
waves emerging only from fronts at launching level in
January and July is described in Tables 3aand 3b. Away
from polar regions, the north—south cross-front orien-
tation is mainly preferred, especialy in summer. In the
winter Northern Hemisphere, apattern closer to isotropy
is obtained north of 45°N. But the north—south gravity
wave propagation direction in the Southern Hemisphere
winter tends again to be clearly favored in the model.

In order to illustrate the instantaneous gravity wave
distribution when the gravity wave source is modulated
by the frontogenesis function of Eq. (2.1) and to com-
pare with observations obtained from aircraft measure-
ments described in Fritts and Nastrom (1992), two snap-
shots of the total gravity wave wind variance at 180
hPa are shown in Fig. 5. The upper panel shows the
variance at latitude 46°N on 8 January at 0000 (model
time) of the second year of integration (after the spinup),
and the lower panel shows the variance at |atitude 46°S
on 10 July at 1200 (model time) of the same year of
integration. The sharp peaks indicate that the threshold
of 0.1 K2 (100 km)~2 h=* has been reached at these
locations, and that frontogenesis is more likely to occur
there. Note that the total variance obtained when the
threshold is not reached and the variance due the fronts
(when the threshold is reached) at 180 hPa are com-
patible with the numbers given in Fritts and Nastrom
(1992). Figure 5 isrepresentative of the overall behavior
of the gravity waves at 180 hPa emerging from fronts.
The 12-yr model climatology in January at 46°N and
in July at 46°S indicates a mean total variance (at peak
locations) of 5.9 m? s=2 with a standard deviation of

TaBLE 2d. Twelve-year ensemble mean of the monthly zonal mean azimuthal distribution of the vertical flux of horizontal momentum carried
by gravity waves for experiment GWRF1 at 70 hPa in Jul for extratropical latitude bands of 15°. Values exceeding 0.160 are in bold.

Direcion 907N 75-60°N  60°-45°N  45-30°N  30°-45°S  45°-60°S  60°-75°S  75°-90°S
E 0.076 0.024 0.013 0.004 0.020 0.036 0.075 0.095
NE 0.094 0.055 0.047 0.032 0.040 0.057 0.091 0.105
N 0.147 0.257 0.274 0.260 0.126 0.132 0.127 0.129
NW 0.167 0.199 0.214 0.178 0.223 0.183 0.152 0.139
w 0.152 0.100 0.099 0.131 0.220 0.193 0.159 0.146
sw 0.133 0.110 0.127 0.240 0.206 0.192 0.160 0.145
s 0.129 0.191 0.181 0.142 0.131 0.145 0.140 0.132
SE 0.102 0.065 0.046 0.014 0.034 0.060 0.097 0.109
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TaBLE 3a Twelve-year ensemble mean of the monthly zonal mean azimuthal distribution of the vertical flux of horizontal momentum
carried by gravity waves emerging from fronts for experiment GWRF1 at launching level in Jan for extratropical latitude bands of 15°.

Values exceeding 0.160 are in bold.

Direction  90°-75°N 75°—60°N 60°—45°N 45°-30°N 30°-45°S 45°-60°S 60°—75°S 75°-90°S
E 0.118 0.112 0.092 0.028 0.004 0.043 0.048 0.125
NE 0.128 0.137 0.132 0.062 0.125 0.052 0.110 0.131
N 0.127 0.133 0.166 0.293 0.347 0.196 0.236 0.121
NW 0.127 0.118 0.110 0.118 0.024 0.209 0.106 0.124
w 0.118 0.112 0.092 0.028 0.004 0.043 0.048 0.125
sw 0.128 0.137 0.132 0.062 0.125 0.052 0.110 0.131
s 0.127 0.133 0.166 0.293 0.347 0.196 0.236 0.121
SE 0.127 0.118 0.110 0.118 0.024 0.209 0.106 0.124

1.8 m? s~2. This mean total variance is close to what
is shown by Fritts and Nastrom (1992) in their Fig. 15,
although they seem to observe more variability than in
the present simulation. This apparent lack of variability
in the simulation is easily understandable considering
that for the sake of simplicity, a constant total variance
of 4 m2 s~2 has been imposed at the source level for
frontal gravity waves. Of course, the values given by
Fritts and Nastrom (1992) may not only describe gravity
wave motion, and the atmospheric phenomena at the
origin of this variance may not necessarily transport
momentum as efficiently as pure gravity waves, whereas
the model parameterization does.

Figure 5 depicts another interesting feature of the
gravity waves reaching the model lower stratosphere.
The total variance values of the gravity wave emerging
from nonfrontal zones at 180 hPa are approximately of
the same intensity as at the launching level, whereas the
variance at 180 hPa of the gravity waves emerging from
fronts is almost twice its launching level value. A pos-
sible physical mechanism that could explain the vari-
ance enhancement for the gravity waves emerging from
fronts goes as follows: Since fronts are, in a semigeo-
strophic-type argument, associated with tropospheric
winds that are generally oriented in the alongfront di-
rection, and since the gravity waves emerging from
fronts are parameterized in such a way that their prop-
agation direction is perpendicular to the alongfront di-
rection, the mean impact of critical level filtering in the
troposphereisthus reduced to favor adeeper penetration
of gravity waves emerging from fronts in the strato-
sphere. Evidence that the simulated tropospheric wind
above the launching level is indeed oriented in the
alongfront direction is presented in Fig. 6, which depicts
the wind orientation with respect to pressure and the
alongfront direction at the launching level for the frontal
zones shown in Fig. 5.

b. Gravity wave momentum flux and induced force

The space and time structure of the vertical flux of
horizontal momentum (hereafter, momentum flux) car-
ried by gravity waves reaching the middle atmosphere
is modulated by at least two important factors: the
strength and variability of the sources, and the char-

acteristics of the medium in which the waves are prop-
agating. The 12-yr ensemble and zonal mean of the net
zonal momentum flux, parameterized by the Hines
scheme, from the GWRF1 simulation is shown in Fig.
7 for January and July (upper panels). In thetroposphere
and winter stratosphere the net zonal flux is negative,
as expected from wave filtering due to the generaly
positive zonal winds. Note that there is a hemispheric
asymmetry, with the magnitude of the net zonal flux
substantially smaller during both northern and southern
summers than the respective winters. This asymmetry
(also seen in the troposphere) is consistent with the
smaller gravity wave variance in summer at the launch-
ing height (see Fig. 2). Moreover, astronger net negative
extratropical momentum flux reaches the higher strato-
sphere in southern wintersthan in northern winters. This
is due to enhanced critical level filtering of eastward-
propagating waves by stronger eastward winds in the
lower stratosphere during the southern winters as com-
pared with northern winters.

The middle and lower panels of Fig. 7 estimate the
changes in the net zonal momentum flux within the
range of the sensitivity tests performed. The difference
between UNI1 and GWRF1 shows that frontal sources,
as parameterized in the present work, tend to produce
a significant increase in westward momentum flux
reaching the lower stratosphere in winter. In the lower
stratosphere (around 100 hPa) in winter, the flux of west-
ward net momentum is more than doubled at 60° (N
and S) when fronts are parameterized as gravity wave
sources. Such an increase in the magnitude of the mo-
mentum flux is consistent with the larger gravity wave
variance at the launching level in GWRF1 with respect
to UNI1. The mean zonal net momentum flux of the
summer hemispheres in January and July is almost un-
altered by the frontal source parameterization as can be
expected from the fact that the selected threshold for
the frontogenesis function is more rarely reached in
summer. The average gravity wave variance at the
launching level in GWRFL1 is indeed close to the con-
stant value specified in UNI1.

The difference between UNI2 and GWRF1 (lower
panels of Fig. 7) shows that the mean net zonal mo-
mentum flux of the UNI2 simulation resembles more
the one simulated by the GWRF1 experiment. Given
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TaBLE 3b. Twelve-year ensemble mean of the monthly zonal mean azimuthal distribution of the vertical flux of horizontal momentum
carried by gravity waves emerging from fronts for experiment GWRFL at launching level in Jul for extratropical latitude bands of 15°.

Values exceeding 0.160 are in bold.

Direction  90°-75°N 75°—60°N 60°—45°N 45°-30°N 30°-45°S 45°~60°S 60°—75°S 75°-90°S
E 0.096 0.077 0.037 0.017 0.019 0.073 0.068 0.116
NE 0.127 0.130 0.130 0.071 0.149 0.104 0.093 0.115
N 0.161 0.168 0.246 0.304 0.264 0.175 0.206 0.134
NwW 0.116 0.126 0.087 0.108 0.068 0.148 0.134 0.135
w 0.096 0.077 0.037 0.017 0.019 0.073 0.068 0.116
sw 0.127 0.130 0.130 0.071 0.149 0.104 0.093 0.115
s 0.161 0.168 0.246 0.304 0.264 0.175 0.206 0.134
SE 0.116 0.126 0.087 0.108 0.068 0.148 0.134 0.135

the imposed stronger forcing in summer in UNI2 with
respect to GWRFL, the flux reaching the summer lower
stratosphere in the UNI2 simulation is expected to be
larger, asis shown in Fig. 7. Both northern and southern
winters are instead characterized by a decrease in net
westward zonal momentum flux in the stratosphere,
poleward of 45° of latitude, in the UNI2 with respect
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Fic. 5. (upper panel) Snapshot of the total gravity wave wind
variance (m2 s—2) at 180 hPa and 46°N on 8 Jan at 0000 (model time)
of the second year of integration for GWRFL1. Thefrontsare numbered
for reference in Fig. 6. (lower panel) Snapshot of the total gravity
wave wind variance (m? s72) at 180 hPa and 46°S on 10 Jul at 1200
(model time) of the second year of integration for GWRF1.

to the GWRF1 simulation, even if the respective gravity
wave variances at launching level are comparable at
these latitudes. Such a difference is most clear in the
southern winter (July), where the UNI2 momentum flux
is reduced by about 30% as compared to the GWRF1
simulation. The 12-yr average propagation conditions
(background wind and temperature) in the troposphere
being almost identical in simulations GWRF1 and
UNI2, this difference in the average net zonal momen-
tum flux in the stratosphere is thought to be due to the
particular tropospheric background flow conditions in
conjunction with the specified characteristics of the
gravity waves when they are emitted from frontogenesis
zones in simulation GWRF1. Asis explained at the end
of section 4a, gravity waves emerging from fronts are
able to penetrate more easily in the stratosphere than
gravity waves with an isotropic spectrum. When these
waves reach the stratosphere, the dominant eastward
winds filter out the eastward momentum flux carried by
these gravity waves, consistently with Fig. 7. The av-
erage anisotropic azimuthal distribution of horizontal
momentum flux carried by gravity waves emerging from
fronts at launching level described in Tables 3a and 3b
appears therefore not to be strong enough to perturb the
overall scenario described above. The zonal mean west-
ward momentum flux at launching level around 60° of
latitude in winter in simulation GWRF1 hasindeed been
found to be reduced by only 3% as compared with sim-
ulation UNI2 (not shown).

This selective filtering effect by the background tro-
pospheric flow implies that the role of fronts in gen-
erating an increased asymmetric net momentum flux
carried by gravity waves might not be accurately sim-
ulated when a constant, uniform, and isotropic gravity
wave forcing is employed.

The upper panels of Fig. 8 depict the 12-yr ensemble
mean of the zonally averaged zonal force per unit mass
obtained from the Hines parameterization for the
GWRF1 simulation in January and July. Note that when
it will be later referred to the gravity wave-induced
force per unit mass, it is meant the one obtained from
the Hines parameterization only, not the total one that
also includes the contribution from the orographic grav-
ity wave parameterization. The difference plots (UNI1-
GWRF1 and UNI2-GWRF1) of the gravity wave-in-
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Fic. 6. Orientation of the wind as a function of pressure at specific locations corresponding to
diagnosed fronts at 46°N on 8 Jan at 0000 (model time) in GWRF1. The numbers in parentheses
near the curves refer to the locations labeled in Fig. 5, and the numbers just below those in
parentheses indicate the alongfront directionsin degrees at launching level derived from the gravity
wave propagation directions. Here 0° corresponds to east, 90° to north, —90° to south, and 180°
to west. It can be seen that the tropospheric wind above the launching level generally points in

the alongfront direction.

duced force per unit mass are, respectively, shown in
the middle and lower panels.

In the summer hemispheres, the mean zonal gravity
wave-induced force per unit mass in simulations
GWRF1 and UNI1 is comparable, while in simulation
UNI2 it is somewhat stronger (with respect to both
GWRF1 and UNI1). The UNI2 gravity wave-induced
force per unit mass aso tends to be less confined to the
upper mesosphere. These results are consistent with the
previously shown results for the net zonal momentum
fluxes and for the gravity wave variances.

In winter, the mean zonal gravity wave—induced force
per unit mass tends to act lower in the mesosphere in
simulation GWRF1 with respect to both the UNI1 and
UNI2 simulations. As expected from the respective dif-
ferences in the net zonal momentum fluxes, the differ-
ence (with respect to GWRFL1) in the vertical structure
of the zonal gravity wave-induced force per unit mass
is much more pronounced for UNI1 than UNI2.

5. Monthly and zonal mean winds and
temperatures

a. GWRF1 simulation versus observations

The 12-yr ensemble mean of the zonally averaged
zonal wind in January and July from the GWRF1 sim-
ulation is shown in Fig. 9. The 15-yr ensemble mean
from the National Center for Environmental Prediction

(NCEP) and Climate Prediction Center (Randel 1992,
updated) for pressures above 1 hPa and the COSPAR
International Reference Atmosphere-1986 (CIRAS6,
see Fleming et al. 1990) data for pressures below 1 hPa
(thereafter, the NCEP and CIRA86 data will be referred
to as ‘‘ observations”) are also shown in Fig. 9 for com-
parison.

The general features of the observations are repro-
duced to a relatively good accuracy by the GWRF1
simulation, in both January and July. Both the strength
and the structure of the simulated winds in the extra-
tropical middle atmosphere are comparable to the ob-
servations. In particular, for both months, note the equa-
torial tilt of the winter eastward jet, with largest winds
in the polar lower stratosphere and in the mesosphere
between 30° and 45°N, and the poleward tilt of the sum-
mer westward jet, stretching from the subtropics in the
stratosphere to the middle high latitudes in the upper
mesosphere. The discrepancies in the wind strength
more pronounced in the mesosphere could be improved
in a number of ways, including, for instance, slight
changes in the gravity wave forcing. However, the ob-
servations themselves may be biased, this being a
known case, for instance, in the tropical middle atmo-
sphere (see Randel 1992; Fleming et al. 1990).

In July, the simulated tilt with height toward the equa-
tor of the winter middle atmospheric jet core can be due
in good part to the gravity wave—-induced force per unit



1 MARcH 2002

Flux Jul GWRF1

Flux Jan GWRF1

0.01

0.1

100

Pressure [hPa]

1000 1
90S 60S 30S EQ 30N 60N 90N 90S 60S 30S EQ 30N 60N 90N

Jan UNIT-GWRF1  Jul UNI1-GWRF1
0.01 T 0/ X
0.1 0\/ (/\/\ \

of |
LLWQJ

Q

Pressure [hPa]

100

1000,

1
90S 60S 30S EQ 30N 60N 90N 90S 60S 30S EQ 30N 60N 9ON

Jan UNI2—GWRF1

Jul UNI2-GWRF1

Pressure [hPa]

0
'90S 60S 305 EQ 30N BON 90N 90S 60S 30S EQ 30N 60N 9ON

Latitude Latitude

Fic. 7. Latitude-height cross section of the 12-yr ensemble mean
of the zonal mean net vertical flux of zonal momentum (10—* Pa)
carried by gravity waves parameterized using the Hines scheme for
(upper-left panel) Jan and (upper-right panel) Jul for the GWRF1
simulation. (middle panels) Difference between the UNI1 and
GWRF1 simulations for (left) Jan and (right) Jul. (lower panels)
Difference between the UNI2 and GWRF1 simulations for (left) Jan
and (right) Jul. The contour interval is 4 X 10~ Pa.

mass distribution implied by the presence of the frontal
source parameterization, asis shown by comparing with
the sensitivity tests (see below).

The stratospheric temperature is of particular interest
given that middle atmospheric models tend, in general,
to produce a strong cold bias over the winter poleswhen
the gravity wave forcing is too weak. Such a polar bias
is indeed sensitive to the level of gravity wave forcing
that is parameterized in low-resolution models. Con-
cerning an earlier evaluation of the sensitivity of the
middle atmosphere circulation as simulated by the
MAECHAM4 model to the forcing used in the Hines
parameterization, see Manzini and McFarlane (1998).

In the case of the GWRF1 simulation, Fig. 10 shows
that the model mean temperature biasis below 4 K from
100 to 10 hPa for al the months of the year at 87°N
and 87°S. Stronger cold biases occur at pressures be-
tween 10 and 1 hPain northern and southern summers,
where they can reach 9—10 K in the model upper strato-
sphere. At 87°S in April-May, a warm bias of about 6
K is observed between 10 and 1 hPa. As it stands, the
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GWRF1 simulation seems to be too far from radiative
equilibrium (Fels et al. 1980; Fels 1985) and dynamical
cooling in the model summer upper stratosphere by
breaking waves (resolved or parameterized) seems to
be too strong. Thisis also reflected in Fig. 9 where the
mean stratospheric winter zonal wind maxima of the
GWRF1 simulation appear to be too weak. The specified
stratospheric ozone concentrations used in the simula-
tion might also be responsible for parts of the polar
temperature biases in the model stratosphere and me-
sosphere.

b. Sensitivity tests: GWRF1 versus UNI1 and UNI2

The 12-yr ensemble mean of the January and July
zona mean zonal winds from the UNI1 and UNI2 sim-
ulation are both shown in Fig. 11. The most remarkable
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differences among the simulations are found in the ex-
tratropical winter middle atmosphere.

In both January and July, the UNI1 polar night strato-
spheric jet is substantially stronger and confined at high
latitudes also in the upper stratosphere and mesosphere
(i.e., no equatorward tilt with height), with respect to
GWRF1. In particular, in January, the UNI1 core of the
middle atmospheric jet islocated north of 60°N and near
the stratopause, whereas it is higher, somewhat weaker,
and closer to 30°N in GWRF1 (the latter more in accord
with the observed location). In July, the middle atmo-
spheric jet in the Southern Hemisphere of the UNI1
simulation is stronger than the one simulated from
GWRF1 by 20—30 m s~*. Although the simulated zonal
winds depend not only on the Hines gravity wave ten-
dency, but also from the resolved wave driving as well
as other parameterizations (among which the major role
is played by the orographic gravity wave scheme) and
feedbacks between the zonal flow and wave propaga-
tion, the changes in the average zona winds in both
January and July winter hemispheres are consistent with
the stronger gravity wave forcing caused by frontal ac-
tivity in simulation GWRF1.

In the summer hemispheres, the UNI1 and GWRF1
average zonal winds are quite comparable, as it can be
expected by the similar gravity wave tendency described
earlier. In summer, the zonal winds are much morelikely
to be dominated by the contribution from the Hines
parameterization only.

In general, the strength of the UNI2 and GWRF1
zonal winds is more comparable (with respect to the
difference between UNI1 and GWRF1), although the
UNI2 winds are substantially weaker in the extratropical
winter mesosphere, in both January and July. In partic-
ular, UNI2 lacks the equatorward tilt with height in July
in the southern hemisphere. The difficulty to obtain this
tilt with a constant forcing of the gravity wave variance
was already noted in Manzini and McFarlane (1998).
The changes between UNI1 and UNI2 are consistent
with the results reported in Manzini and McFarlane
(1998). The tilt of the winter jet in July is therefore
quite likely due to the distribution of gravity wave ten-
dency when frontal activity is included in the source
spectrum. Concerning the summer hemisphere in July,
it is noted that GWRF1 and UNI1 are closer to the
observations, suggesting that the constant forcing of
UNIZ2 is less adequate in this case.

In summary, the seasonal variation of the gravity wave
forcing at source level introduced in simulation GWRF1
is clearly helpful in reproducing amorerealisticintensity
and structure of the zonal mean zonal winds.

Figure 12 depicts the time-height cross section of the
12-yr ensemble mean difference of the monthly zonal
mean temperature between the UNI1 (UNI2) simulation
and the observationsin the stratosphere at 87°Sand 87°N.

In the case of UNI1 at 87°N, the mean cold bias
reaches 14 K at 10 hPain January and propagates down-
ward to 100 hPa with a slightly weaker intensity until
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late winter and early spring. Above it, a warm bias
appears that reaches 10-12 K in February and March.
From May to December the average temperature bias
is fairly similar in simulations GWRF1 and UNI1, in
particular the upper-stratospheric cold bias in summer
remains almost the same.

In the case of UNI1 at 87°S, alarge winter and spring
mean cold bias that reaches 28 K near the 10-hPa level
is found. Therefore, the sensitivity of the Southern
Hemispheric winter pole temperature to the parameter-
ized gravity wave forcing by fronts appear to be re-
markable. As for the northern polar temperature, the
model summer stratospheric polar temperature is almost
unaffected by the inclusion of frontsin the gravity wave
forcing, as is seen by comparing Fig. 10 (lower right
panel) and Fig. 12 (upper right panel) in January.

The mean polar temperature bias of the UNI2 sim-
ulation mainly resemblesthe one of GWRFL. Interesting
differences however are seen. Namely, an 8-10 K cold
bias in February below the 7-hPa level at 87°N present
in simulation UNI2 is attenuated to ~4 K in simulation
GWRF1. Moreover, in simulation UNI2, a cold bias of
8 K at around and above the 10-hPalevel at 87°S extends
from August to February. As mentioned earlier, asimilar
cold bias is present in simulation GWRF1, but extends
from October to February, with a somewhat stronger
intensity in November. Although it is thought that this
cold bias might be due in part the specified ozone dis-
tribution, the gravity wave parameterization has obvi-
ously some impact on it.

6. Summary and conclusions

This study addresses the question of the parameter-
ization of gravity wave sources in general circulation
models of the middle atmosphere by proposing asimple
method aimed at representing gravity waves emerging
from frontal zones. Based on an evaluation of the front-
ogenesis function near 600 hPa at each grid point and
time step, which isfound to be agood indicator of fronts
at relatively low resolution in the model middle tro-
posphere, gravity waves with total wind variance of 4
m? s-2 are launched in the two cross-front directions
with equally bipartioned momentum flux when a min-
imal threshold of 0.1 K2 (100 km)~2 h-* isreached. In
the alternative case for which the frontogenesisfunction
does not reach the selected threshold, an isotropic grav-
ity wave spectrum with total wind variance of 0.64 m?
s~2 representing other possible gravity wave sourcesis
imposed at the launching level.

This parameterization based on resolved deformation
and convergence fields in the model middle troposphere
leads to a gravity wave source intensity that has local
maxima at known storm track locations. Moreover, a
seasonal modulation of the monthly and zonal mean
total gravity wave wind variance at the model launching
level is observed with minimum in summer, especially
in the Northern Hemisphere. Instantaneous values of the



1 MARcH 2002

total gravity wave wind variance entering the lower
stratosphere seem to mimic relatively well thewind var-
iances calculated from measurements made by instru-
ments installed on commercial aircrafts.

In order to evaluate the specific role of the gravity
waves emerging from frontal sources in the modeling
context of the above-mentioned parameterization, one
resolution and two sensitivity tests have been performed.
Theincrease of the model triangular truncation from T30
to T42 leads to a slight global increase in the mean total
gravity wave wind variance in the extratropics at launch-
ing level. The mean middle atmosphere winds and tem-
peratures at T30 and T42 remain, however, the same.

In the first sensitivity test, the effects on the model
middle atmosphere of gravity waves emerging from
fronts have been suppressed by imposing a uniform and
constant total gravity wave wind variance of 0.64 m?
s~2 at the launching level at each grid point and time
step. In summer, the monthly and zonal mean vertical
flux of zonal momentum carried by gravity wavesreach-
ing the middle atmosphere is almost unchanged when
gravity waves from fronts are suppressed, but the winter
values are more than doubled when the effects of gravity
waves from fronts are included.

In the second sensitivity test, a uniform and constant
gravity wave wind variance of 1 m? s~2 is specified at
the launching level. This variance is very close to the
monthly and zonal mean extratropical variance observed
in the simulation that included enhanced parameterized
gravity waves activity and for which fronts were acting
as gravity wave sources. It turned out that even though
the mean strength of the gravity wave forcing and the
mean characteristics of the propagating medium in the
two experiments are essentially the same in winter, the
mean negative vertical flux of zonal momentum reach-
ing the middle atmosphereisfound to be moreimportant
when gravity waves from fronts are present, especially
at 60°S in July. This is essentially caused by the fact
that tropospheric filtering effects by critical levels are
reduced when gravity waves emerge from frontal zones
since the gravity wave propagation directions and the
wind direction are almost perpendicular.

The mean mesospheric zonal gravity wave-induced
force per unit mass of the two sensitivity experiments
tends to be higher near the model top in winter than in
the GWRF1 simulation. On the other hand, the mean
winter zonal-induced force per unit mass of the GWRF1
simulation acts lower in the mesosphere than for the
sensitivity tests, in accordance with the fact that the
initial amplitude of the parameterized gravity waves
emerging from frontal zonesis greater than the selected
constant amplitude in the sensitivity tests, and despite
the relatively small amplitude of waves emerging from
nonfrontal zones.

The modulation from the frontal parameterization of
gravity wave wind variance at launching level in ex-
periment GWRFL is found to be helpful in simulating
a more realistic zonal mean middle atmospheric jet in
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the Northern Hemisphere in July. During that month, a
simulation with a gravity wave forcing that is uniform
at launching level suffers from a too strong middle at-
mospheric jet in the Southern Hemisphere (simulation
UNI1) or aslightly too weak jet in the Northern Hemi-
sphere (simulation UNI2). Moreover, the observed
equatorward tilt of the mean zonal middle atmospheric
jet in the Southern Hemisphere in July is more pro-
nounced and closer to observations in GWRF1 than in
UNI1 and UNI2.

The stratospheric mean polar cold biasin the Southern
Hemisphere in winter obtained in the absence of gravity
waves emerging from frontal zones can reach 25-30 K
near 5 hPa (simulation UNI1), but is reduced to 2—4 K
when these gravity waves are included. Among the four
simulations performed for this study, the temperature
biases at the poles are found to be minimal when part
of the parameterized gravity wave activity is modulated
by frontogenesis.

As gravity waves are a major mesospheric forcing
that can greatly impact on the stratospheric circulation,
establishing a source parameterization based on our dy-
namical knowledge of their generation mechanisms
should help in obtaining realistic simulations of the mid-
dle atmosphere. In the MAECHAM4 model, the me-
dium in which parameterized gravity waves are prop-
agating is surely very important in determining the
broad characteristics of these waves that will reach the
middle atmosphere, but this study shows that a gravity
wave source spectrum that is related, even though some-
what crudely, to dynamica mechanismsleading to grav-
ity wave emission can improve simulations of the mid-
dle atmosphere in terms of zonal mean fields. Other
issues that have not been addressed here concern the
impact of the seasonal and geographical variations in-
troduced by the modulation from the frontal parame-
terization of gravity wave characteristics on the non-
zonal circulation of the middle atmosphere. For in-
stance, if the structure and strength of planetary waves
and consequently the interannual variability of the win-
ter circulation is changed between GWRF1 and UNI1
or UNI2. Such questions will be addressed in a follow-
ing work.

Improvements to the current approach include amore
detailed specification of the gravity wave parameters at
the launching height. In particular, note that the results
of simulation GWRF1 were obtained assuming a source
that emits gravity waves symmetrically in thetwo cross-
front directions. Thislead to an increase of gravity wave
westward momentum flux in the winter stratosphere as
compared with simulations UNI1 and UNI2 (Fig. 7).
Griffiths and Reeder (1996) report that a slight asym-
metry of the gravity wave emission in the two cross-
front directions is observed in the absence of vertical
shear of the cross-front basic wind, although stronger
asymmetry is observed when cross-front basic wind
shear is present. More theoretical, observational and nu-
merical investigations are needed to really understand
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the characteristics of gravity waves emerging from
fronts in order to establish a parameterization that is
more sophisticated than the one employed in this work.
In addition, convective and jet stream gravity wave ex-
citation are mechanismsthat would al so need to be taken
into account in order to get a more complete picture of
the impact of modulating the gravity wave emission by
relevant dynamical phenomena in middle and upper-
atmospheric general circulation models.
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