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Kinetic energy spectrum of horizontal motions 
in middle-atmosphere models 

John N. Koshyk, • Byron A. Boville, 2 Kevin Hamilton, 3 Elisa Manzini, 4 and 
Kiyotaka Shibata s 

Abstract. Data from several middle-atmosphere general circulation models are 
used to calculate kinetic energy spectra as a function of total horizontal wavenumber 
n. The horizontal and vertical resolution between models varies but all have upper. 
boundaries at heights • 80 km. Tropospheric spectra show power-law behavior with 
slopes slightly shallower than-3 for wavenumbers n • 10 (horizontal wavelengths 
• 4000 km) and are dominated by the rotational part of the flow. These spectra 
agree well with those calculated using data obtained from a global assimilation 
model and with the results of previous observational studies. Stratospheric spectra 
have larger amplitudes than tropospheric ones at planetary scales and smaller 
amplitudes at smaller scales. Mesospheric spectra are characterized by enhanced 
spectral amplitudes at all wavenumbers compared to the stratosphere and spectral 
slopes in the wavenumber range n • 10 are generally shallower. Stratospheric and 
mesospheric spectra include approximately equal contributions from the rotational 
and divergent parts of the flow for n • 20 in all models. These features appear to 
be independent of model resolution. The divergent part of the flow, presumably 
associated with explicitly resolved inertiogravity waves in the models, increases more 
rapidly with height above the lower stratosphere than the rotational part. The 
divergent part is fairly insensitive to season, whereas the rotational part changes 
considerably between January and July in the middle-atmosphere region. Spectral 
amplitudes and vertical growth rates of both parts vary widely between models for 
a given season. The horizontal diffusion schemes used by the models are compared 
in an attempt to explain some of these differences. 

1. Introduction 

The tropospheric kinetic energy (KE) spectrum as a 
function of horizontal wavenumber has been calculated 

from a variety of aircraft and assimilated data sources 
[Baer, 1972; Boer and Shepherd, 1983; Chen and Wiin- 
Nellsen, 1978; Koshyk and Boer, 1995; Nastrom et al., 
1984]. On scales between about 4000 and 400 km, the 
spectra show slopes of •0 -3, are dominated by the rota- 
tional part of the flow, and are associated with down- 
scale enstrophy fluxes [Boer and Shepherd, 1983], all 
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in close agreement with the theory of two-dimensional 
turbulence [Kraichnan, 1967] and, more generally, with 
the theory of geostrophic turbulence [Charney, 1971]. 
This spectral regime has been reproduced in general cir- 
culation model (GCM) simulations of the troposphere, 
subject to a reasonable choice of the horizontal sub- 
grid-scale parameterization scheme [Koshyk and Boer, 
1995; Koshyk et al., 1999; Laursen and Ellasen, 1989]. 

Calculations of the observed middle atmospheric KE 
spectrum as a function of horizontal wavenumber are 
limited to very large spatial scales because of relati;•ely 
poorly resolved observations compared to the tropo- 
sphere. Related work has focused on the power spec- 
trum as a function of frequency at fixed points in the 
mesosphere using radar or lidar measurements [Bals- 
ley and Carter, 1982; Carter and Balsley, 1982; Gao et 
a!., 1998; Vincent and Ball, 1981]. In these studies the 
KE has been found to vary as •0 co-• where co is the 
frequency and I _< a _< 2. Balsley and Carter [1982] 
found that a was very close to 5/3, and used the Tay- 
lor hypothesis, which assumes co -0 kU for a large-scale 
advection velocity U and horizontal wavenumber k, to 
infer the existence of a k -5/3 power law for KE in the 
mesosphere. They noted that this is the spectral slope 
in the upscale KE cascading inertial subrange of two- 
dimensional turbulence theory [Kraichnan, 1967]. 
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Table 1. Basic Features of the Models Used in This Study 

Model Horizontal Number of Model Upper Model Convective 
Resolution Vertical Levels Boundary (mbar) Description Adjustment Scheme 

UKMO 3.50 ø x 2.5 ø 21 0.32 Swinbank Gregory and 
and O'Neill [1994] Rowntree [1990] 

CMAM T32 50 0.00064 Beagley Zhang and 
et al. [1997] McFarlane [1995] 

MAECHAM4 T30 39 0.01 Manzini Tiedtke [1989] 
et al. [1997] Nordeng [1994] 

MRI T42 45 0.01 Shibata Moorth and 

et al. [1999] Suarez [1992] 
SKYHI (N30) 3.6 ø x 3.0 ø 40 0.0096 Hamilton Holloway and 

et al. [1995] Manabe [1971] 
SKYHI (N90) 1.2 ø x 1.0 ø 40 0.0096 Hamilton Holloway and 

et al. [1995] Manabe [1971] 
MACCM2 T42 44 0.025 Boville [1995] Hack [1994] 
MACCM2 T106 44 0.025 Boville [1995] Hack [1994] 

The U.K. Meteorological Office (UKMO) model is a troposphere-stratosphere data assimilation model, and the others 
are middle-atmosphere general circulation models. The notation "TN" for the horizontal resolution of spectral models 
refers to triangular truncation at total spherical harmonic wavenumber N. For the purposes of this study, data from the 
participating grid point models (UKMO and SKYHI) are transformed into spherical harmonic series with truncation T48 
for UKMO, T50 for SKYHI (N30), and T150 for SKYHI (N90). The notation for SKYHI refers to the number of latitude 
rows between the pole and equator. 

Hines [1960] has pointed out that much of the en- 
ergy content of the middle atmosphere is provided by 
upward propagating inertiogravity waves. As a result, 
middle atmospheric KE spectra should contain a much 
stronger divergent component than is seen in the tro- 
posphere and should increase in amplitude with height 
(i.e., with decreasing density) above the lower strato- 
sphere. Hamilton [1993] computed Fourier power spec- 
tra of the zonal wind from the Geophysical Fluid Dy- 
namics Laboratory (GFDL) SKYHI middle-atmosphere 
GCM and found, using summer hemisphere midlatitude 
data, that spectral amplitudes do indeed increase with 
height between the lower stratosphere and the middle 
mesosphere. He ascribed the SKYHI spectral behav- 
ior to the presence of explicitly resolved stratospheric 
and mesospheric gravity waves, citing previous spec- 
tral analyses of SKYHI simulations [Hayashi et al., 
1989; Miyahara et al., 1986]. 

In the present study, the KE spectrum and its rota- 
tional and divergent parts are computed for several dif- 
ferent middle-atmosphere GCMs as a function of total 
spherical harmonic wavenumber n. Spectra are com- 
puted for the troposphere, as has been the focus of pre- 
vious work [Boer and Shepherd, 1983; Koshyk and Boer, 
1995; Koshyk et al., 1999], and also for the stratosphere 
and mesosphere. Assimilated data are used to validate 
the models in the troposphere and stratosphere, sub- 
ject to the constraints placed on the assimilations by 
the resolution of the observing network and the effects 
of the assimilating models. In the mesosphere it is un- 
clear how well the results presented here compare to 
reality, but an attempt to characterize them in terms of 
available theories is made. 

2. Models and Data Analysis 

The middle-atmosphere GCMs are versions of the 
Canadian Middle Atmosphere Model (CMAM), the Max 
Planck Institute for Meteorology Middle Atmosphere 
Model (MAECHAM4), the Japan Meteorological Re- 
search Institute Model (MRI), the GFDL Model (SKY- 
HI), and the National Center for Atmospheric Research 
(NCAR) Middle Atmosphere Community Climate Model 
(MACCM2). Assimilated data from the U.K. Meteoro- 
logical Office (UKMO) troposphere-stratosphere assim- 
ilation model are also analyzed. Some basic charac- 
teristics of the models and references to more detailed 

descriptions of each are given in Table 1. 
All models used in the study, with the exception of 

SKYHI and UKMO, are spectral models for which each 
prognostic variable is expanded in a triangularly trun- 
cated series of spherical harmonics, 

N n 

•b(A, qb, p,t)- Z Z •b2(P't)P•(cøsqb)eimX' (1) 
n----O m-----n 

where •b is a prognostic model variable, A is longitude, 
•b is latitude, p is pressure, t is time, m is the zonal 
wavenumber, n is the total wavenumber, N is the trun- 
cation wavenumber, and P• is the Legendre polynomial 
of degree n. Some properties of the spherical harmonics, 
y•m = Pnm½imX, are given by Boer [1983]. The spectral 
coefficients, •2(p, t) are calculated by inverting (1), 

2•r 1 

0 --1 

•b(A, •b, p, t) Y•'* (A, •b) dpdA, (2) 
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where • = sin •b and the asterisk denotes a complex 
conjugate. 

The globally averaged horizontal KE on a fixed pres- 
sure level can be calculated from the horizontal velocity 
field: 

1 

E(p, t)- • < v-v >, (3) 
where 

v = (u, v) = k x V•b + VX, (4) 

and angle brackets denote an average over the sphere. 
The first and second terms on the right-hand side of (4) 
represent the rotational and divergent parts of the flow 
for stream function •b and velocity potential X. Noting 
that the vorticity • = V2•b and the divergence 5 = V2X, 
the kinetic energy spectrum per unit mass (E.m(p, t)) 
can be obtained directly from the spectral coefficients 
for vorticity (.m and divergence 5. m as follows: 

1 a 2 

E2(p't)- • [n(n + 1)] (1½21' + la21a)' (5) 
where a is the Earth radius [Lambert, 1984]. Alter- 
native expressions for E• have also been used in the 
literature [Baer, 1972; Tang and Orszag, 1978]. The 
differences between these and (5) for purely rotational 
flow are discussed by Boer and Shepherd [1983]. Beyond 
the largest decade of spatial wavenumbers (n >• 10), all 
expressions yield very similar results. For the purposes 
of this study, (5) is particularly convenient because vor- 
ticity and divergence are prognostic variables for the 
spectral models considered, and the KE spectrum can 
be partitioned into its rotational and divergent parts in 
a straightforward manner. 

Both SKYHI and UKMO are grid point models for 
which the prognostic variables are the horizontal winds 
u and v. The KE spectrum is calculated by interpolat- 
ing horizontal winds from the model grids to appropri- 
ate Gaussian grids, transforming each wind component 
to a series of spherical harmonics, and appropriately 
differentiating these expansions term by term to obtain 
series expansions for vorticity and divergence. 

In the following sections, spectra are shown as a func- 
tion of total wavenumber n alone, by summing over the 
zonal wavenumber m; that is, 

I /12 n 

E.(p, t) - • [n(n + 1)] _•]•n (6) 

Monthly mean values for January or July only are con- 
sidered, where the mean represents a sum of stationary 
and transient parts, 

a(p,t) - 
1 a 2 n 

= • [n(n + 1)1 + 
+ + 

the overbar denotes a monthly mean, and the prime 
denotes a deviation from the mean. 

3. Results and Discussion 

3.1. Vertically Averaged Kinetic Energy 
Spectra 

Figure I shows vertically averaged spectra for the re- 
gions loosely referred to here as the troposphere (500- 
100 mbar), stratosphere (100-1 mbar), and mesosphere 
(1-.01 mbar). The vertical averages are obtained by 
integrating (7) over the given layer with respect to 
pressure and then dividing by the pressure difference 
across the layer (i.e., the average is mass-weighted). 
The nondimensional value n = I corresponds to a wave- 
length of approximately 40,000 km. Solid lines in the 
top right-hand corners of Figure I and ensuing figure 
panels are for reference and have slopes of-3 and -5/3. 

Models for which January data are available are rep- 
resented in the top three panels of Figure 1; those for 
which July data are available are represented in the bot- 
tom three panels. Tropospheric and stratospheric spec- 
tra computed from UKMO assimilated data for January 
and July 1995 are indicated by thick, solid lines (note 
that the upper boundary of the assimilation model is 
at 0.32 mbar, so mesospheric spectra are not calculated 
from the UKMO data). 

Tropospheric model spectra all have slopes -• -3 
in the wavenumber range 10 <• n •< 30 for both Jan- 
uary and July. This is in agreement with the UKMO 
spectra and with the results of previous observational 
studies [Baer, 1972; Chen and Wiin-Neilsen, 1978; 
Boer and Shepherd, 1983; Koshyk and Boer, 1995]. In 
January, good quantitative agreement between the ob- 
served, CMAM, and SKYHI spectra is seen, but the 
MAECHAM4 spectrum is consistently weaker over its 
resolved wavenumber range. The broad transition from 
a large-scale-• -3 to a mesoscale-• -5/3 slope in the 
SKYHI (N90) spectrum is consistent with the observa- 
tional study of Nastrom et al. [1984] and is discussed in 
detail elsewhere [Koshyk et al., 1999]. In July all mod- 
els show weaker tropospheric spectral amplitudes than 
the observations except at their largest (MACCM2) and 
smallest (MRI and MACCM2) resolved scales. 

Stratospheric spectra have somewhat steeper power- 
law regimes compared to the troposphere for 10 •< n •<20 
but are shallower at larger wavenumbers. This is partic- 
ularly evident for the July cases. There is a wide vari- 
ation between spectral amplitudes for different models 
in both January and July. For any given model, strato- 
spheric spectral amplitudes are generally larger at plan- 
etary scales and weaker at smaller scales compared to 
tropospheric values. 

Mesospheric spectra are characterized by enhanced 
amplitudes compared to the stratosphere at all scales 
and for all models, in both January and July. (Note 
that the MACCM2 T42 and T106 mesospheric spec- 
tra are further truncated to T32 and T60 because they 
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Figure 1. Monthly and vertically averaged kinetic energy (KE) per unit mass versus total 
horizontal wavenumber for six different middle-atmosphere general circulation models and for 
U.K. Meteorological Office (UKMO) assimilated data. The horizontal resolution of each model is 
given in Table 1. The vertical averages are taken over the following levels: troposphere, 500-100 
mbar; stratosphere, 100-1 mbar; mesosphere, 1-.01 mbar. Straight lines in the top right-hand 
corner of each panel have slopes of-3 and -5/3. Models for which January/July data are available 
are represented in the top/bottom rows. 

are affected by the excessive numerical dissipation dis- 
cussed by Boville [1995].) Spectral slopes for wavenum- 
bers n >• 10 are shallower taking values between -1 and 
-2. This agrees with the Fourier analysis performed by 
Hamilton [1993] using SKYHI data. The slopes for some 
models are, in fact, close to-5/3. Two-dimensional tur- 
bulence theory [Kraichnan, 1967] predicts the existence 
of a-5/3 upscale KE cascading inertial subrange, but it 
is unclear from the KE spectrum alone whether this the- 
ory is relevant here. The greatest discrepancies between 
model spectra for the three altitude ranges considered 
are found in the mesosphere. 

Spectra calculated from assimilated data sources must 
be interpreted carefully, since the effective resolution 
of the atmospheric observing network is not precisely 
known. Thus it is difficult to determine where the 

UKMO spectra reflect the character of the assimilating 
model to a greater extent than they reflect the nature 
of the actual observations. The superexponential de- 
crease in UKMO wave amplitudes for n •> 30 shown in 

Figure 1 disagrees with all the models and is also incon- 
sistent with analyses of horizontal spectra from aircraft 
observations [Nastrom et al., 1984]. 

Figure I indicates that the KE in the stratosphere 
generally takes greater values at planetary scales (n •< 5) 
and smaller values at larger wavenumbers compared to 
the troposphere in any given model. This is consistent 
with the Charney-Drazin criterion for quasi-geostrophic 
flow on a /• plane [Charney and Drazin, 1961]. For 
linear, conservative waves in an atmosphere with con- 
stant background wind and stratification, vertical prop- 
agation of stationary waves into the stratosphere is 
limited to the winter hemisphere and involves only 
planetary-scale eddies. Figure 2 shows tropospheric and 
stratospheric CMAM spectra for January similar to the 
CMAM spectra of Figure I but divided into contribu- 
tions from the winter (northern) and summer (south- 
ern) hemispheres. The hemispheric spectra are com- 
puted using the method of Baer [1972] and Chen and 
Wiin-Neilsen [1978]. In the winter hemisphere, Figure 
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Figure 2. Hemispheric KE spectra for the CMAM model in January. Results for the win- 
ter (northern) hemisphere are shown in the left-hand column and for the summer (southern) 
hemisphere in the right-hand column. Total spectra are shown in the top row, their stationary 
component in the middle row, and their transient component in the bottom row. The curves rep- 
resent vertically averaged quantities for the troposphere and stratosphere, as described in Figure 1. 

2 shows a clear increase in total KE between the tro- 

posphere and the stratosphere for 2 _• n _• 4 and a 
decrease in amplitudes for scales n >_ 5. (Note that 
when the zonal mean, or m - 0 mode, is removed from 
the sum in (6), stratospheric spectral amplitudes exceed 
tropospheric amplitudes for all n _• 5.) In the summer 
hemisphere, there is far less evidence of increased strato- 
spheric amplitudes in the total KE at large scales. The 
middle and bottom panels of Figure 2 show the sta- 
tionary and transient parts of the total KE spectrum 
in each hemisphere as defined in (7). The middle pan- 
els indicate that all but large-scale stationary waves in 
the winter hemisphere are trapped in the troposphere. 
This result is remarkably consistent with the Charney- 
Drazin criterion, even though the conditions for its va- 
lidity are clearly not met in the model. The bottom pan- 
els show the transient component of KE in each hemi- 
sphere. The transient behavior of the spectra is similar 
in both hemispheres, with relatively larger stratospheric 
spectral amplitudes for n •< 5 and relatively smaller 
stratospheric spectral amplitudes for n > 5 compared to 

the troposphere. For traveling waves the vertical prop- 
agation characteristics depend on the horizontal phase 
speed, which is difficult to determine from the results 
presented here (although wave breaking in the lower 
stratosphere is consistent with the decreased spectral 
amplitudes at medium and small scales). 

The seasonal dependence of the KE spectra in Fig- 
ure I is unclear since different months correspond to 
a different set of models. Figure 3 shows KE spectra 
for the troposphere, stratosphere, and mesosphere for 
both January and July calculated from CMAM (left) 
and SKYHI (right) data. There are large differences 
between January and July at the planetary scales, since 
these scales are dominated by the stationary, topo- 
graphically forced component of the flow which has a 
strong seasonal dependence. Similar results were ob- 
tained by Boer and Shepherd [1983]. Spectral ampli- 
tudes in the power-law regimes (n •> 10) are nearly 
identical, with the largest differences for both models 
occurring in the stratosphere. The results from other 
models are similar. 
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Figure 3. January and July monthly mean kinetic energy per unit mass versus total horizontal 
wavenumber for the CMAM model (left) and the SKYHI model (right). The curves represent 
vertically averaged values over the troposphere (top), stratosphere (middle), and mesosphere 
(bottom), as described in Figure 1. 

3.2. Rotational and Divergent Parts of the 
Kinetic Energy Spectrum 

As noted in the introduction, the amount of energy in 
the middle atmosphere at medium and high wavenum- 
bers is determined mainly by upward propagating iner- 
tiogravity waves [Hines, 1960]. This differs from tro- 
pospheric dynamics at these scales, where the energy 
content is determined mainly by a downscale cascade 
of enstrophy (i.e. rotational wave modes) from a large- 
scale baroclinic source [e.g., Boer and Shepherd, 1983]. 
The basic dynamical picture leads to the expectation 
that tropospheric KE spectra should be dominated by 
the rotational part of the flow, and the proportion of to- 
tal KE in the form of gravity waves should increase with 
height, resulting in an enhanced divergent flow compo- 
nent in the middle atmosphere. The rotational part of 
the flow will generally also contain a gravity-wave or 
unbalanced component and should increase with height 
above the lower stratosphere as well. 

Equation (6) can be partitioned into rotational and 
divergent parts by omitting divergence and vorticity 
spectral coefficients from the right-hand side. The re- 
sulting spectra in the troposphere, stratosphere, and 
mesosphere are shown in Figure 4 for January data and 
in Figure 5 for July data. There is a reasonably good 
quantitative agreement among the January models in 
all altitude ranges, with the largest differences in the 
mesosphere. In July, values of divergent KE predicted 
by the MACCM2 models are anomalously high over a 
broad wavenumber range, especially in the troposphere 
and stratosphere. 

The top panels in Figures 4 and 5 show that the tro- 
pospheric KE is dominated by the rotational part of the 
flow at all scales, particularly the largest ones. One ex- 
ception to this is the SKYHI curve for n >• 100, where 
rotational and divergent parts are comparable [Koshyk 
et al. , 1999]. 

Stratospheric rotational KE spectra are marked by 
enhanced values at large scales and reduced values at 
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Figure 4. Rotational and divergent parts of the monthly mean kinetic energy per unit mass 
versus total horizontal wavenumber for January data from the UKMO assimilation, CMAM, 
MAECHAM4, and SKYHI (N90) models. The curves represent vertically averaged values over 
the troposphere (top), stratosphere (middle), and mesosphere (bottom), as described in Figure 1. 

smaller scales compared to the troposphere. The small- 
scale filtering of rotational modes is consistent with 
the Charney-Drazin criterion mentioned in the previ- 
ous subsection. The divergent part of the KE spectrum 
varies less than the rotational part between the tropo- 
sphere and the stratosphere but becomes comparable to 
or greater than the rotational part for n >• 20. 

The mesosphere contains increased levels of KE in 
both rotational and divergent components at all scales 

compared to the stratosphere. The divergent compo- 
nent of the flow is as large or larger than the rotational 
component for all wavenumbers n >• 10. Thus the shal- 
low mesospheric slopes seen in Figure I are mainly the 
result of the more rapid increase of the divergent compo- 
nent compared to the rotational component with height. 
A wavenumber, n - n,, can be defined such that the ro- 
tational and divergent components are comparable for 
n >• n,. The value of n, is large in the lowermost 
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stratosphere and decreases monotonically with height 
to a value of • 10 in the mesosphere. Equivalently, if 
the atmospheric mesoscale is defined by the approxi- 
mate equality 5 • •, the spectral range (n •> n,) of the 
mesoscale regime becomes broader with height. 

The increase in spectral amplitudes between the strato- 
sphere and the mesosphere is consistent with the com- 
monly held view that the middle atmospheric energy 
spectrum is determined largely by tropospherically gen- 
erated upward propagating waves of all scales that am- 
plify with height [Charney and Drazin, 1961; Hines, 

1960]. It is beyond the scope of this study to actu- 
ally characterize the waves contributing to the middle 
atmospheric spectra seen in all of the models. How- 
ever, detailed space-time analyses of the SKYHI model 
[Hamilton and Mahlman, 1988; Hayashi et al., 1989] 
have shown that for sub-planetary scales, its spectrum is 
dominated by waves with relatively long vertical wave- 
lengths that approximately satisfy the linear gravity- 
wave dispersion relation [Andrews et al., 1987]. Since 
the large values of divergent KE in the stratosphere and 
mesosphere are consistent with a gravity-wave compo- 
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Figure 6. Rotational (left) and divergent (right) parts of the kinetic energy per unit mass as 
functions of pressure. Values at each pressure level are obtained by summing the spectrum over 
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panel has a slope of q- 1. 

nent in the flow, it is reasonable to assume that all of 
the models considered here contain a gravity-wave spec- 
trum qualitatively similar to that of SKYHI. 

According to conservative linear wave theory, assum- 
ing constant stratification and background wind, wave 
amplitudes in the middle atmosphere increase as e z/2H, 
where H is a scale height [Andrews et al., 1987]. Thus 
in the simple linear case, a log-log plot of KE versus in- 
verse pressure yields a straight line of slope q-1 (i.e., KE 
• ez/H). Figure 6 presents the vertical dependence of 
rotational (left-hand panel) and divergent (right-hand 
panel) KE components for the four lowest resolution 
models considered: CMAM in January (thin solid line), 
MAECHAM4 in January (thin dashed line), MRI in 
July (thick solid line), and MACCM2 (T42) in July 
(thick dashed line). The solid line in the bottom right- 
hand corner of each panel is for reference and has a 
slope of q-1. At each pressure level, values in Figure 
6 are computed by summing spectra over wavenum- 
bers 15 _< n i 30, giving the contribution of scales 
in this range to the global average KE on that level. 
The lower summation bound is chosen to isolate the 

power-law regime in each model, minimizing the con- 
tributions of planetary waves that break in the strato- 
sphere, and the upper bound corresponds to the trun- 
cation wavenumber of the lowest resolution model con- 

sidered (MAECHAM4). The curves in Figure 6 corre- 
sponding to CMAM (T32), MRI (T42), and MACCM2 
(T42) change very little when the upper bound is ex- 
tended from n - 30 to the truncation limit of each 

respective model. 
Figure 6 shows that the models are similar in a qual- 

itative sense, with local maxima near the tropopause 
and local minima in the lower stratosphere regions, for 
both rotational and divergent parts. The local max- 
ima imply absorption or reflection of waves in the up- 
per troposphere/lower stratosphere region and the de- 
creased amplitudes above the local maxima are asso- 
ciated with wave breaking and saturation in the lower 
stratosphere. This agrees with observational evidence 

for topographically forced breaking gravity waves in the 
northern winter lower stratosphere [Barat, 1982; Sato 
and Woodman, 1982]. Above the lower stratosphere all 
models show an increase in amplitude with height right 
up to the middle mesosphere where gravity-wave break- 
ing processes are expected to become particularly com- 
mon. Part of the amplitude decrease in the mesosphere 
is associated with numerical "sponge" layers near the 
upper boundary of the models that strongly dissipate 
waves in order to prevent spurious reflections from the 
rigid lid. 

Clear quantitative differences among the model re- 
sults in Figure 6 exist. The rotational KE near the 
tropopause varies by almost a factor of 3, while the 
divergent KE there varies by over an order of magni- 
tude. Similar differences exist throughout the middle- 
atmosphere region. Divergent KE grows at a faster 
rate than rotational KE for all models, but only the 
divergent parts of the CMAM and MRI spectra come 
close to the limiting +1 slope with height, with both 
increasing at a slightly slower rate. The energy density 
might be expected to grow more slowly than +1 be- 
cause of gravity-wave breaking and saturation processes 
throughout the middle atmosphere, filtering of certain 
phase-speed ranges depending on the mean flow and 
parameterized dissipative processes in the models. Pre- 
vious studies have shown that the Eliassen-Palm flux in 

GCM simulations decreases fairly rapidly with height 
throughout the middle atmosphere, an indication of 
wave breaking and saturation [Boville, 1986; Hamil- 
ton and Mahlman, 1988]. 

Precise reasons for the differences between models 

seen in Figure 6 are difficult to determine without a de- 
tailed spectral KE budget analysis of each. This would 
reveal the dominant processes that contribute to the 
KE at each wavenumber, including (1) horizontal trans- 
fers from other wavenumbers, (2) vertical fluxes of KE 
and potential energy into a vertical layer, (3) conversion 
from potential to kinetic energy, and (4) parameterized 
dissipative processes in the models (e.g., vertical and 
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Figure 7. As Figure 6 but for MACCM2, July (top) and SKYHI, January (bottom). Values at 
each pressure level in the top panels are obtained by summing the MACCM2 T42 model from 
n - 15- 42 (solid line), the T106 model from n - 15- 42 (short dashed), and the T106 model 
from n - 15- 106 (long dashed). Values at each pressure level in the bottom panels are obtained 
by summing the SKYHI N30 model from n - 15-50 (solid line), the N90 model from n - 15-50 
(short dashed), and the N90 model from n - 15- 150 (long dashed). 

horizontal diffusion) [Lambert, 1984]. The studies of 
Hamilton and Mahlman [1988], Hayashi et al. [1989], 
and Miyahara et al. [1986] suggest that in the SKYHI 
middle atmosphere, vertical gravity-wave fluxes (i.e., as 
quantified by item 2) are important. Latent heating 
from the convective parameterization is a likely source 
of the resolved gravity wave field in the model simu- 
lations. The importance of this excitation was shown 
explictly for the SKYHI model [Manzini and Hamil- 

differences between the T42 and the T106 curves in the 

n - 15- 42 range, especially in the divergent KE. A 
possible reason for these differences is that the sub-grid- 
scale parameterization schemes in the T42 simulation 
are not accurately representing the effects of unresolved 
scales (or, more accurately, of scales between n = 42 
and 106). 

The bottom panels in Figure 7 display the same fields 
as the top panels but for SKYHI N30 summed from 

ton, 1993]. Differences in the convective parameteriza- n = 15 - 50 (solid), SKYHI N90 summed from n = 
tion schemes (Table 1) among models might account for 15 - 50 (short dashed), and SKYHI N90 summed from 
some of the differences seen in Figure 6. It is also rea- n - 15 - 150 (long dashed) at each pressure level. As 
sonable that differences in the parameterized vertical for MACCM2, noticeable differences between the high- 
diffusion processes associated with wave breaking could and the low-resolution curves are evident. The N30 
be important. Finally, as discussed in the following sec- model contains more divergent KE than the N90 model 
tion, all models use different scale-dependent horizontal in the troposphere and lower stratosphere for the range 
diffusion parameterizations that increase monotonically n = 15- 50, suggesting that it is either underdissipated 
toward the truncation wavenumber. or too strongly forced (e.g., by gravity-wave sources) in 

Figure 7 demonstrates the effects of model resolution that region. Differences between the KE in the n = 
on the fields calculated in Figure 6. The top panels show 15 - 50 and n = 15 - 150 ranges of the N90 simulations 
rotational and divergent KE for the MACCM2 T42 sim- are greater than differences in the n = 15 -42 and n = 
ulation with spectra summed from n = 15- 42 (solid), 
the MACCM2 T106 simulation with spectra summed 
from n = 15- 42 (short dashed), and the T106 simula- 
tion with spectra summed from n = 15- 106 (long 
dashed) at each pressure level. The high-resolution 
curves are qualitatively similar to their low-resolution 
counterparts. However, between the middle strato- 

15-106 ranges of the T106 simulation in the top panels, 
because the spectra in the SKYHI N90 simulation are 
not so steep as those in the MACCM2 T106 simulation 
at large wavenumbers. 

Figure 8 compares the quantities shown in Figures 6 
and 7 for January and July. The rotational and diver- 
gent KE spectra for CMAM summed from n - 15 - 32 

sphere and the lower mesosphere, there are fairly large in both January and July at each level are shown in 
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Figure 8. As Figure 6 but for CMAM (top), obtained by summing the spectrum from n - 15-32 
at each level, and SKYHI (bottom), obtained by summing the spectrum from n - 15- 150 at 
each level. Data for both January and July monthly means are shown in each panel. 

the top panels. Corresponding curves for SKYHI N90 
summed from n - 15-150 at each level are shown in the 

bottom panels. The divergent KE is apparently insen- 
sitive to season in the wavenumber ranges considered. 
However, large differences in the rotational KE between 
January and July are evident in both models, especially 
in the stratospheric region. These seasonal differences 
account for some of the stratospheric variation in the 
left-hand panel of Figure 6, where the thin curves cor- 
respond to January and the thick curves to July for dif- 
ferent models. Differences between January and July 
curves in the left-hand panels of Figure 8 are qualita- 
tively similar, with generally lower stratospheric val- 
ues and slightly higher mesospheric values in July com- 
pared to January. There is evidence that advection by 
planetary-scale flow is responsible for generating much 
of the small-scale structure often observed in the strato- 

sphere [Mcintyre and Palmer, 1983]. Since planetary- 
wave activity is stronger in the Northern Hemisphere 
winter than in the Southern Hemisphere winter, it is 
possible that the enhanced spectral amplitudes seen in 
January are a result of more vigorous small-scale gen- 
eration by the planetary-scale flow. 

3.3. Horizontal Diffusion Parameterizations 

The results of Figure 7 show that spectral amplitudes 
vary with horizontal resolution for a given model, par- 
ticularly in the middle atmosphere. Reasons for the 
differences can plausibly be attributed to the failure of 
sub-grid-scale parameterization schemes in the lower- 
resolution models to accurately represent the effects of 
unresolved scales. Perhaps the most important such 

parameterization, especially for the medium and small 
scales considered in Figure 7, is the parameterization 
of horizontal sub-grid-scale dynamical processes. Since 
most middle-atmosphere GCMs are extensions of exist- 
ing tropospheric models, the common practice is to ex- 
tend the tropospheric horizontal sub-grid-scale param- 
eterization into the middle atmosphere. With a few ex- 
ceptions, tropospheric GCMs generally rely on diffusion 
or hyperdiffusion operators to represent the effects of 
horizontal subgrid scales by dissipating the horizontal 
downscale enstrophy cascade from the scales of baro- 
clinic instability. In middle-atmosphere models, how- 
ever, it is unclear whether spectral amplitudes at scales 
smaller than about 2000 km are primarily determined 
by horizontal downscale cascades. Rather, they may 
depend primarily on vertical wave fluxes from below 
[Hamilton and Mahlman, 1988; Hayashi et al., 1989]. 

Figure 9 shows the horizontal diffusion functions in 
spectral space for the relatively low-resolution mod- 
els (left) and higher-resolution models (right). The 
MAECHAM4 model uses a V 1ø operator, and MRI and 
MACCM2 use V 4 operators, each with differently spec- 
ified coefficients (Note that V2Y• m n(n+l) ß = •- y•m.) In 
addition, MACCM2 employs a strong horizontal spec- 
tral dissipation to control computational instability, 
mainly in the mesosphere region (not shown) [Boville, 
1995]. The CMAM function is described by Boer et al. 
[1984], and is identically zero for n - 0- 0.55N (i.e., 
n - 0- 18 for T32 resolution) and a quadratic function 
for n >_ .55N. It is based on the function proposed by 
Leith [1971] for a two-dimensional, homogeneous and 
isotropic turbulent fluid. The SKYHI model employs 
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the Smagorinsky nonlinear horizontal eddy diffusivity 
parameterization [Andrews et al., 1983] for which an 
approximate spectral version is shown in Figure 9. The 
function is height-dependent because the diffusion co- 
efficient depends on the local horizontal strain and de- 
formation fields. The SKYHI curves are computed by 
calculating the horizontal diffusion of KE in spectral 
space from grid point values of the horizontal velocity 
and horizontal diffusion of momentum and then scaling 
this by the spectral KE at each level and wavenumber. 
Only vertical averages of the resulting quantity in the 
troposphere, stratosphere, and mesosphere are shown. 

Figure 9 illustrates the difficulty in explaining the 
results seen in Figures 6 and 7 when examining only 
a single term in the KE budget. For example, al- 
though the CMAM horizontal diffusion is relatively 
strong compared to all the models except MAECHAM4, 
the CMAM curves (thin solid) in Figure 6 are consis- 
tently the most energetic for almost all wavenumbers, 
even after taking into account seasonal effects. Differ- 
ences between the MRI (thick solid) and the MACCM2 
T42 (thick dashed) curves in Figure 6 are also much 
greater than consideration of the horizontal diffusion 
functions alone would indicate. The right-hand panel 
shows that horizontal diffusion increases considerably 
between the stratosphere and the mesosphere in SKYHI, 
suggesting the possibility that the growth of spectral 
amplitude with height might be more limited by the 
horizontal diffusion in SKYHI than in the other models. 

4. Summary and Conclusions 

Data from several different middle-atmosphere gen- 
eral circulation models were used. to compute kinetic 
energy spectra as a function of height and total spher- 
ical harmonic wavenumber n. The models agree with 
each other in a qualitative sense, showing the familiar 
•- -3 slope for n • 10 in the troposphere, enhanced val- 
ues of stratospheric kinetic energy at planetary scales 
and diminished values at smaller scales compared to the 
troposphere, and enhanced spectral amplitudes at all 

scales in the mesosphere compared to the stratosphere. 
Spectral slopes in the range n • 10 generally become 
shallower with height in all models. 

Partitioning of the spectra into rotational and diver- 
gent parts showed that the divergent part grows more 
rapidly with height than the rotational part between 
the lower stratosphere and the mesosphere. For scales 
n • 20, these components are comparable in magni- 
tude above the lower stratosphere in each of the mod- 
els. The divergent component appeared insensitive to 
season for the two months (January and July) consid- 
ered, but the rotational component in the stratosphere 
clearly differed between these two months. Quantita- 
tively, a wide variation in the energy content of the 
models at all scales was found throughout the upper tro- 
posphere and middle atmosphere region. This may be 
due to the differences in gravity-wave generation mech- 
anisms (e.g., convective parameterization schemes) and 
propagation mechanisms (e.g., numerical advection and 
timestepping schemes) among the models. 

Comparison of spectra from high- and low-resolution 
versions of the same model showed that sub-grid-scale 
parameterization schemes were not adequately repre- 
senting the effects of unresolved scales in the middle 
atmosphere. In particular, it was assumed that the hor- 
izontal sub-grid-scale parameterization of unresolved 
processes (commonly referred to as horizontal diffusion) 
was largely responsible for the discrepancies, since it is 
expected to play a dominant role at medium and small 
scales. That the horizontal sub-grid-scale schemes ap- 
pear to fail in the middle atmosphere is not surprising, 
since such schemes have been developed mainly on the 
basis of experience with tropospheric GCMs. The devel- 
opment of suitable horizontal subgrid-scale parameter- 
ization schemes for middle-atmosphere GCMs provides 
an extremely interesting area for future study. 

In closing, it is illuminating to relate the KE spec- 
tra computed here to physical space fields. Figure 10 
shows a snapshot of the SKYHI (N90) zonal wind field 
u in July at three different model levels between the 
lower stratosphere and the lower mesosphere. Consis- 
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horizontal scales in the stratosphere. An interesting 
future possibility involves comparing frequency spectra 
computed from model fields at fixed points in space to 
frequency spectra computed from lidar or radar data at 
the same points in the atmosphere. 
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Figure 10. Zonal wind field on three different SKYHI 
(N90) model levels for a single snapshot in July: 9.22 
mbar (top), 1.50 mbar (middle), and 0.13 mbar (bot- 
tom). Contour interval = 20 m/s for positive-valued 
contours and 10 m/s for negative-valued contours. 

tent with the character of the KE spectrum, the field 
in Figure 10 shows an increasing small-scale structure 
with height. Similar behavior is seen in the other mod- 
els, as well as in temperature and geopotential height 
fields. At ,,• 10 mbar, u is dominated by a large-scale 
pattern in the winter (southern) hemisphere associated 
with the stratospheric polar vortex. Near the top of the 
stratosphere, at ,,• I mbar there is a noticeable small- 
scale component, particularly strong in the tropics. The 
mesosphere is completely dominated by small-scale fea- 
tures with the exception of extreme polar regions. 

It would be highly desirable to validate Figure 10 and 
the middle atmospheric spectra calculated as part of 
this study against suitable observations. Unfortunately, 
current data assimilation models extend no higher than 
the stratopause and the credible aspects of current as- 
similation products span at most the largest decade of 
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