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ABSTRACT

The long-term mean climatology obtained from integrations conducted with different resolutions of the GFDL
*“SKYHTI" finite-difference general circulation model is examined. A number of improvements that have been
made recently in the model are also described. The versions considered have 3° X 3.6°% 2° X 2.4°, and 1° X 1.2°
latitude —longitude resolution, and in each case the model is run with 40 levels from the ground to 0.0096 mb.
The integrations all employ a fixed climatological cycle of sea surface temperature. Over 25 years of integration
with the 3° model and shorter integrations with the higher-resolution versions are analyzed. Attention is focused
on the December—February and June—August periods.

The model does a reasonable job of representing the atmospheric flow in the troposphere and lower strato-
sphere. The simulated tropospheric climatology has an interesting sensitivity to horizontal resolution. In common
with several spectral GCMs that have been examined earlier, the surface zonal-mean westerlies in the SKYHI
extratropics become stronger with increasing horizontal resolution. However, this ‘‘zonalization’’ of the flow
with resolution is not as prominent in the upper troposphere of SKYHI as it is in some spectral models. It is
noteworthy that—without parameterized gravity wave drag—the SKYHI model at all three resolutions can
simulate a realistic separation of the subtropical and polar night jet streams and a fairly realistic strength of the
lower-stratospheric winter polar vortex.

The geographical distribution of the annual-mean and seasonal precipitation are reasonably well simulated.
When compared against observations in an objective manner, the SKYHI global precipitation simulation is found
to be as good or better than that obtained by other state-of-the-art general circulation models. However, some
significant shortcomings remain, most notably in the summer extratropical land areas and in the tropical summer
monsoon regions. The time-mean precipitation simulation is remarkably insensitive to the horizontal model
resolution employed. The other tropospheric feature examined in detail is the tropopause temperature. The whole
troposphere suffers from a cold bias of the order of a few degrees Celcius, but in the 3° SKYHI model this grows
to about 6°C at 100 mb. Interestingly, the upper-tropospheric bias is reduced with increasing horizontal resolu-
tion, despite that the cloud parameters in the radiation code are specified identically in each version.

The simulated polar vortex in the Northern Hemisphere winter in the upper stratosphere is unrealistically
confined to high latitudes, although the maximum zonal-mean zonal wind is close to observed values. Near the
stratopause the June—August mean temperatures at the South Pole are colder than observations by ~65°C, 50°C,
and 30°C in the 3° 2° and 1° simulations, respectively. The corresponding zonal-mean zonal wind patterns
display an unrealistically strong polar vortex. The extratropical stratospheric stationary wave field in the Northern
Hemisphere winter is examined in some detail using the multiyear averages available from the 3° SKYHI
integration. Comparison with comparable long-term mean observations suggests that the model captures the
amplitude and phase of the stationary waves rather well.

The SKYHI model simulates the reversed equator—pole temperature gradient near the summer mesopause.
The simulated summer polar mesopause temperatures decrease with increasing horizontal resolution, although
even at 1° resolution the predicted temperatures are still warmer than observed. The increasing resolution is
accompanied by increased westerly driving of the mean flow in the summer mesosphere by dissipating gravity
waves. The present results suggest that the SKYHI model does explicitly resolve a significant component of the
gravity waves required to produce the observed summer mesopause structure.

The semiannual oscillation near the tropical stratopause is reasonably well simulated in the 3° version. The main
deficiency is in the westerly phase, which is not as strong as observed. There is also a second peak in the amplitude
of the semiannual wind oscillation at the top model level (0.0096 mb) corresponding to the observed mesopause
semiannual oscillation. This simulated mesopause oscillation is weaker (by a factor of ~3) than that observed. The
simulation in the tropical stratopause and mesosphere changes quite significantly with increasing resolution, how-
ever. In the tropical lower stratosphere of the 3° model the zonal-mean zonal wind displays a very weak (~3 ms™'
peak to peak) interannual variation, which—while rather irregular—does display a roughly biennial period and
the downward phase propagation that is characteristic of the observed quasi-biennial oscillation.
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1. Introduction

A fundamental goal of meteorological research over
the last four decades has been the construction of com-
prehensive numerical models that can faithfully repro-
duce the observed general circulation of the global at-
mosphere. While much progress has been made in gen-
eral circulation model (GCM) studies, some rather
basic questions remain. The problems begin even in
tropospheric GCMs that employ realistic prescribed
ocean surface temperatures. Given the strong vertical
thermal coupling in the troposphere, the first-order sim-
ulation of thermal structure is reasonably well assured.
However, it turns out to be difficult to simulate even a
basic quantity like the surface wind field (or meridional
gradient in surface pressure ). In particular, it has been
found for many models that surface westerlies in the
midlatitudes increase markedly with the horizontal res-
olution employed (Manabe et al. 1979; Boer and La-
zare 1988). At sufficiently high resolution the results
become quite unrealistic. The intensification of west-
erly flow with increasing resolution also afflicts the
simulation of the upper troposphere of some GCMs.

Simulation of the middle atmospheric circulation
from first principles is inherently an even harder prob-
lem, given the lack of direct coupling with prescribed
surface conditions. Thus, it is not surprising that GCMs
have often failed to capture even some of the first-order
features of the wind and temperature structure of the
middle atmosphere. In particular, comprehensive
model simulations of the thermal structure in the extra-
tropical middle atmosphere have generally been un-
realistically close to radiative equilibrium. Thus, the
simulated winter polar vortex is often too cold and the
simulated summer polar mesopause is unrealistically
warm. The severity of these problems differs from
model to model and can vary depending on horizontal
resolution. The cold winter pole problem is also gen-
erally much more severe in the Southern Hemisphere
(SH) than in the Northern Hemisphere (NH). Another
important deficiency in current GCMs is their apparent
inability to simulate anything approximating a realistic
quasi-biennial oscillation (QBO).

Of course, some of the deficiencies noted above can
be reduced by the addition of some parameterization of
the momentum fluxes due to subgrid-scale topographic
or traveling gravity waves (e.g., Palmer et al. 1986;
McFarlane 1987; Rind et al. 1988a; Rind et al. 1988b).
Unfortunately, it is difficult to demonstrate (even very
roughly) the quantitative validity of any particular pa-
rameterization that might be used. Parameterizations of
the full spectrum of the traveling gravity wave field are
extremely arbitrary (Lindzen 1981; Holton 1982; Rind
et al. 1988a). Even the intrinsically simpler problem of
computing the momentum flux convergence associated
with subgrid-scale topographic waves is subject to
great uncertainties in both the overall magnitude of the
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effect expected and its vertical distribution. The simple
approach adopted by McFarlane and others is to as-
sume that the vertical momentum flux is constant up to
a breaking level predicted by WKB theory. In midlat-
itudes this breaking level is generally above the jet
stream core, and this leads to a significant drag on the
upper-troposphere and lower-stratosphere mean west-
erlies. Imposition of such a drag can have rather dra-
matic effects on the simulation of both the tropospheric
westerlies and the stratospheric winter vortex (Laursen
and Eliasen 1989; Boville 1991). However, Broccoli
and Manabe (1992) find improved results in the tro-
posphere can be obtained by arbitrarily modifying the
simple WKB parameterization to spread out the mo-
mentum flux divergence uniformly from the ground to
the predicted breaking level. Numerical experiments
have shown that gravity waves forced by small-scale
orography may indeed break at quite low levels in the
troposphere (e.g., Peltier and Clark 1979).

In light of all these uncertainties, there remains the
possibility that the subgrid-scale drag parameterization
imposed may simply compensate for some other defi-
ciency in the simulation. Thus, for example, gravity
wave drag in the troposphere of a particular model may
help reduce overly intense mean surface westerlies,
which are actually related to unrealistically strong me-
ridional eddy momentum fluxes (e.g., Klinker and Sar-

- deshmukh 1992). The fact that the need for subgrid-

scale gravity wave drag is generally found to increase
with improved model resolution suggests that the mod-
eling difficulties may be of a more fundamental nature.

This discussion forms the background for the present
paper, which documents the performance of the 40-
level Geophysical Fluid Dynamics Laboratory (GFDL)
““SKYHI"’ troposphere—stratosphere—mesosphere fi-
nite-difference GCM. Over the last 15 years different
versions of this model have been featured in a number
of published studies of middle atmospheric phenomena
(Fels et al. 1980; Mahlman and Sinclair 1980; Andrews
et al. 1983; Mahlman and Umscheid 1984, 1987; Ha-
yashi et al. 1984, 1989; Miyahara et al. 1986; Hamilton
and Mahlman 1988; Hamilton 1989, 1993a,b, 1994a,b;
Manzini and Hamilton 1993; Strahan and Mahlman
1994a,b; Mahlman et al. 1994). Up to this point, how-
ever, the basic model climatology has not been exten-
sively documented. The present paper will summarize
the SKYHI model design with an emphasis on recent
improvements and then will consider the results for the
long-term mean climatology obtained in control sim-
ulations at three different horizontal resolutions. The
consideration of model performance as a function of
horizontal resolution makes this paper similar to such
earlier works as Manabe et al. (1979), Boer and Lazare
(1988), Boville (1991), and Boyle (1993). It turns out
that the behavior of the SKYHI model (in both the
troposphere and the middle atmosphere) differs in
some interesting ways from that of the spectral models
discussed in these earlier papers. The present paper in-
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cludes consideration of two particularly ambitious in-
tegrations that are unprecedented for a comprehensive
GCM with a serious representation of the middle at-
mosphere: one integration (with moderate horizontal
resolution) extending for more than 25 years, and one
(of two-year duration) run at very high (1° X 1.2°)
horizontal resolution. A wide variety of both tropo-
spheric and middle atmospheric fields from these in-
tegrations will be examined (and compared with ob-
servations). Attention will be focused almost exclu-
sively on the solstitial seasons December—February
(DJF) and June—August (JJA). All the simulations
discussed here were run without any parameterization
of subgrid-scale gravity wave effects.

This paper is organized as follows. Section 2 de-
scribes the model formulation and the details of the
various control integrations to be analyzed. Section 3
discusses the observational climatological datasets that
are used to compare with various aspects of the model
simulations. Section 4 looks at some basic long-term
mean tropospheric features (surface pressure, winds,
temperature, and precipitation). Section 5 examines the
simulation of the zonal-mean circulation in the middle
atmosphere. Section 6 considers the model results for
quadratic eddy terms as well as the zonal-mean radia-
tive heating climatology. Section 7 documents the mid-
dle atmospheric stationary wave field in the NH winter.
Section 8 is an investigation of the long period (semi-
annual through quasi-biennial) variations seen in the
tropical middle atmosphere in the SKYHI integrations.
Conclusions are summarized in section 9. Appendix A
is devoted to an examination of the effects of recent
model improvements on the SKYHI simulation. Ap-
pendix B discusses a parallel experiment conducted
with the moderate-resolution SK'YHI model but using
a smoothed topography. .

The results presented here in this rather broad survey
of model performance will be somewhat descriptive.
Many of the specific findings will raise questions that
need to be addressed through more detailed analysis or
particular model experiments. The present results
should stimulate new developments in comprehensive
atmospheric modeling and further research into the de-
tailed dynamics of middle atmospheric circulation.

2. The SKYHI model formulation and the control
integrations

a. Basic features of the model

The SKYHI model was developed from the 9-level
latitude—longitude, sigma coordinate GCM described
by Holloway and Manabe (1971, hereafter HM). The
major developments from this model to the initial ver-
sion of SKYHI are covered in Fels et al. (1980, here-
after FMSS). SKYHI retains the latitude—-longitude
nonstaggered grid and second-order horizontal differ-
encing of HM. Zonal Fourier filtering of fields pole-
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ward of about 50° latitude is used to maintain a roughly
isotropic horizontal resolution. The SKYHI model uses
a hybrid vertical coordinate, which is terrain following
near the ground, merging into pure isobaric coordinates
above 321 mb. Centered second-order differences are
used to approximate vertical derivatives for most terms.
The only exception is in the vertical flux convergence
of water vapor, which is done with a fourth-order
scheme. This paper considers the same 40-level version
discussed in previous papers (see FMSS for a complete
listing of the levels). The lowest full model level is at
roughly 80 m above the ground. The level spacing
gradually increases with height and is very roughly 2
km through most of the stratosphere.

The traditional upper boundary condition is applied
so that the vertical velocity is required to vanish at a
half level formally located at zero pressure. In order to
reduce reflection of vertically propagating waves from
the model top, a linear damping of the deviation from
the zonal mean is applied to the temperature and hor-
izontal wind at the highest model full level (0.0096
mb). The timescale for this relaxation used in the pres-
ent integrations is 10 800 s.

This paper will consider integrations performed with
versions of the model with three different latitude—lon-
gitude resolutions: 1° X 1.2° (N90), 2° X 2.4° (N45),
and 3° X 3.6° (N30), where N is the number of grid
rows between the equator and pole. The model is in-
tegrated with a simple explicit leapfrog time differ-
encing.

b. Topography

The topographic heights employed are based on the
1° X 1° dataset widely distributed by the Scripps Insti-
tute of Oceanography. These original data were inter-
polated in a straightforward way onto the 1° X 1.2° N90
grid. Then these N90 heights were averaged over the
NA45 and N30 grid boxes to produce consistent topo-
graphic heights at these lower resolutions. [ Note that
while the N90 topography has remained the same for
all the SKYHI integrations conducted, the N30 topog-
raphy used for the runs described in this paper is
slightly different from that employed in most earlier
publications such as Hamilton and Mahlman (1988),
Hayashi et al. (1989), and Mahlman et al. (1994).]
The result in each case effectively represents the ob-
served topography simply averaged over each model
grid box. This field is filtered in the zonal direction at
high latitudes to be consistent with the Fourier filter
used in the model but is otherwise unsmoothed. The
use of unsmoothed topography distinguishes the
SKYHI integrations described here from most other
published GCM experiments. This approach has the
disadvantage that it introduces variations in the bound-
ary conditions even down to the two-grid length scale
(for which derivatives are not well approximated by
finite differences). However, the representation of one-



8 JOURNAL OF THE ATMOSPHERIC SCIENCES

dimensional vertical processes presumably is more ac-
curate when the realistic topographic height is used at
each grid point. The amount of topographic smoothing
adopted in a GCM is always somewhat arbitrary, and
the present approach represents one extreme possibil-
ity. Figure 1 shows the SKYHI topography around lat-
itude circles near 35°N in the three resolutions. At N90
resolution the topography is sufficiently rough that the
model should explicitly represent some of the enhanced
blocking of the flow that advocates of ‘‘envelope orog-
raphy’’ have discussed (e.g., Wallace et al. 1983).

¢. Mixing parameterizations

The basic subgrid-scale mixing parameterizations in
the original SKYHI are described in FMSS and Levy
et al. (1982). The vertical mixing consists of a second-
order diffusion with a coefficient dependent on the
model-resolved bulk Richardson number (Ri). The
original FMSS version of SKYHI employed the stan-
dard Smagorinsky nonlinear horizontal eddy diffusivity
described by HM. This was later modified by Andrews
et al. (1983; see their appendix A).

d. Surface physics

The exchanges of heat, momentum, and water be-
tween the lowest atmospheric level and the surface are
all parameterized with the standard bulk aerodynamic
formulas (see HM). A minor modification is intro-

duced to prevent the exchanges from becoming ex-.

tremely small in weak wind conditions (the magnitude
of the lowest-level wind, which appears as a factor in
the standard formulas, is not allowed to drop below 0.1
m s~ '). There is also an enhancement of the surface
exchanges when the potential temperature at the sur-
face exceeds that in the lowest full model level.

The treatment of the surface heat balance over land
and the calculation of the drag coefficient differ be-
tween the N90 and the lower-resolution models dis-
cussed in this paper. The N90 version retains the in-
stantaneous heat balance (no net flux of heat into or
out of the land surface) of the original HM and FMSS
models. The drag coefficient C, for the N90 version is
specified simply as .003 over land or sea ice and .001
over open ocean. If the surface temperature is larger
than the lowest model level temperature, then the val-
ues for C, given above are multiplied by (U + 0.6)/
U, where U is the magnitude of the lowest-level wind
in meters per second.

The N30 and N45 integrations described in this pa-
per are made with the first version of SKYHI to include
an updated scheme for computing surface tempera-
tures. This uses a prognostic equation for a single soil
layer with heat capacity appropriate for a 0.10-m depth
(and including a contribution from the soil moisture at
each grid point). In addition, the new scheme uses
Monin—Obhukov scaling to compute the transfers be-
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FiG. 1. Section of the topographic relief used in the three versions
of the SKYHI model: N30 (top), N45 (middle), and N90O (bottom).

The sections are through the grid rows centered at 34.5°N for N30
and N90 and through the grid row at 35°N for the N45 model.

tween the ground and the lowest model level (effec-
tively, this amounts to a more sophisticated determi-
nation of the shear and stability dependence of Cp).
The similarity functions and parameters are taken from
Hicks (1976). A uniform roughness length of 0.1682
m is used for all land and sea ice points, while the
roughness of the ocean depends on the overlying winds
[ following the formulation originally due to Charnock;
see Eq. (33) of Delsol et al. (1971)].

In each case at ocean points the surface temperatures
are specified as a function of time of year. The values
used are taken from HM. The simple sea ice parame-
terization also follows HM and requires each ocean
grid point to be either all open or all ice (which is
assumed to be 2 m thick). The seasonal formation and
disappearance of the ice is prescribed.

e. Radiative transfer algorithms

The SKYHI radiation code considers both the long-
wave and shortwave effects of O;, H,0, CO,, and
clouds and includes a parameterization of shortwave
absorption by O,. In the present integrations the diurnal
averages of the shortwave heating rates are employed.
The basic features of the radiation code are described
in FMSS, and this *“old’’ code was used for the first
part of the N90 control run as described below. The last
part of the N90 control run and the entire N45 and N30
integrations were conducted with a ‘revised’’ radiation
code. The improvements over the old FMSS code are
as follows, in decreasing order of expected signifi-
cance.
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(1) The diurnal averaging of shortwave heating in
the new code is performed using a very accurate Gauss-
ian integration over calculations at eight individual ze-
nith angles between sunrise and sunset, rather than us-
ing the ‘‘diurnal average zenith angle’” formulation of
Cogley and Borucki (1976) originally employed by
FMSS. This changes some stratospheric shortwave
heating rates by as much as ~10%.

(ii) The original ‘‘p-type’” H,O continuum is re-
placed in the new code by an ‘‘e-type’’ continuum.
This is effectively the change from Version I to Version
II of the Fels—Schwarzkopf radiation model described
in Fels et al. (1991).

(iii) The shortwave absorption by water vapor is
now done using the improved method of Freidenreich
and Ramaswamy (1993).

(iv) The CO, transmission functions in the long-
wave code have been replaced in the new version by
the more accurate calculations of Schwarzkopf and Fels
(1985).

(v) A modification of the source function for the
CO, longwave computation is added to roughly ac-
count for non-LTE effects. This is applied only at the
top three model levels (0.0697, 0.0308, and 0.0096
mb), and the actual effects at these levels are quite
small.

J. Distribution of radiatively active species

The CO, volume mixing ratio is set to 330 ppmv
uniformly. The water vapor is determined self-consis-
tently throughout the model integrations. The only
source for water vapor in the model is evaporation from
the surface. The base ozone concentrations are speci-
fied as a function of pressure and latitude. The actual
instantaneous ozone values above 7 mb are allowed to
deviate somewhat from the base values depending on
the local temperature (see appendix A of FMSS for
details of this parameterization). The actual values for
the temperature-dependent relaxation rates used in the
FMSS version of this parameterization have since been
updated on the basis of more recent photochemical
model calculations. '

The base ozone values are shown in Fig. 2.3 of
FMSS and, below 10 mb, were derived from analysis
of balloon-borne ozonesonde measurements. The val-
ues above 10 mb were based roughly on the limited
satellite and rocket data then available. As explained in
FMSS, the values were adjusted so that the simulated
tropical temperature profile agreed well with observa-
tions. This produced an ozone distribution that has
somewhat lower values in the middle and upper strato-
sphere than more recent satellite observations would
suggest. The highest ozone mass mixing ratio in the
SKYHI climatology is less than 15 ppmm. This com-
pares with the maximum value of about 18 ppmm in
the climatology of Keating and Young (1985), for ex-
ample. Use of this adjusted SKYHI ozone climatology
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led to reasonable temperatures in the tropical strato-
sphere when the original Cogley and Borucki (1976)
diurnal averaging scheme for the shortwave radiation
was employed. However, with the change to the more
accurate diurnal averaging in the present simulations,
the low ozone concentrations result in a significant tem-
perature bias in the simulated tropical upper strato-
sphere (see section 5 and appendix A). The cloud dis-
tribution and snow-free surface albedos are prescribed
as in FMSS.

8. Moist convection and precipitation

At the end of each time step the model fields undergo
moist and dry convective adjustment along with the
production of stable rain. The basic scheme is as de-
scribed in HM. The condensation criterion for the pres-
ent model integrations is set at 85% of the saturation
mixing ratio computed on the basis of the grid-scale
temperature. No momentum is mixed in either the dry
or moist adjustments (although the Ri-dependent ver-
tical diffusion does mix momentum in dry convective
situations). The first part of the N90 integration was
conducted with a version of the moist convective ad-
justment routine that was later found to have a code
error. The problem occurred in the table lookup for the
saturation mixing ratio that was used in the calculation
of the moist adiabatic lapse rate (but not in the com-
putation of the actual condensation of water vapor and
associated latent heat release ). The values of saturation
mixing ratio used were extremely low, so the moist
convective adjustment effectively proceeded toward
the dry adiabatic lapse rate. The effects of this error are
discussed in appendix A. It appears that this same error
was present in earlier versions of SKYHI run on the
GFDL CYBER computer—that is, in papers published
after Andrews et al. (1983) until the recent publications
of Hamilton (1993a,b; 1994a,b), Manzini and Hamil-
ton (1993), and Strahan and Mahlman (1994a,b),
which all analyze results obtained with the error cor-
rected. The error was corrected before the N30 and N45
control runs described in the present paper were begun.

h. The control integrations

One unusual feature of SKYHI is the use of an as-
tronomically accurate dating system. Each day of each
integration is assigned some date in the Gregorian cal-
endar. The integrations of present interest have their
ultimate origin in the experiment described in FMSS.
This started in 1978 (hereinafter italic font will denote
model years) from motionless isothermal conditions
and employed a low—horizontal resolution version with
annual-mean insolation. The water vapor mixing ratio
was initially set to 2.5 ppmm everywhere. The annual
cycle of insolation (and SST evolution) was activated
on astronomical date 23 September /98] when a 5°
X 6° version (N18) was employed. The seasonally
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varying N1§ integration continued for a little over a
year. On 30 September /982 the fields from the N18
model were interpolated onto the N90 grid, and the
present (seasonally varying) N90 SKYHI control in-
tegration began. This used the old FMSS radiation al-
gorithms until 30 May 1983, when the revised radiation
began to be employed (the code error in the moist con-
vection was corrected on the same date). The N90 con-
trol has now proceeded through September 1984. The
N9O0 fields on 6 June 1983 were interpolated onto N30
and N45 grids, and the present lower-resolution control
runs were started. The N45 integration continued
through January 1986, and the N30 integration has con-
tinued past the year 2014.

Roughly the first two years of the N30 integration
were discarded, and analysis starts with data in 7985.
Thus, it is reasonable to expect the present N30 results
to be essentially independent of the initial conditions.
With the relatively short N45 and N90 runs, there is not
the possibility of discarding such a long initial spinup
period (the climatological results for N45 described in
this paper are based on February /984 through January
1986 data). This is a particular concern for the tropical
stratosphere. It is reasonable to expect that throughout
the present N90 integration, the circulation in the trop-
ical stratosphere will be relaxing from the ‘‘shocks’’
introduced by the resolution change in September 1982
and the changes in model physics in May 1983. For the
most part, analysis of the N90 integration will use only
results after 1 June 1983.

3. Climatological data for model comparison

The extensive documentation attempted here for the
SKYHI model will involve comparison with a number
of observed fields. Unfortunately, there is no single cli-
matology available that includes all the fields needed
over the surface to 0.0096-mb domain of interest. In
this section a brief description will be given of the most
important datasets used for comparison with the model
results. :

The source for zonal-mean winds and temperatures
was the compilation of Fleming et al. (1988, hereafter
FCSB). This gives zonal-mean temperature and gra-

dient balance winds from 1000 to above 0.01 mb for

each month of the year. FCSB is based on Oort’s
(1983) analysis of radiosonde data up to 50 mb and on
Barnett and Corney (1985a) above that level. Barnett
and Corney (1985a) is based on Oort (1983) at 50 mb,
subjectively analyzed radiosonde data from the Free
University of Berlin at 30 mb, and about 5 years of IR
radiometer data from two different satellites at higher
levels. While a very valuable and convenient reference,
the FCSB climatology does have some limitations. The
values in FCSB are given at about 3-km vertical reso-
lution, which is a particular problem when trying to
determine the actual temperature near the tropopause.
The zonal winds at low latitudes in FCSB are also very
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questionable, due to the use of gradient wind balance
with rather low-spatial resolution temperature data.
The equatorial middle atmospheric zonal winds in
FCSB are generally weaker than those found in the
detailed analysis of high-resolution satellite data by
Hitchmann and Leovy (1986), in the climatology
based on direct (rocket and radar) zonal wind mea-
surements compiled by Kantor and Cole (1964), or in
the analysis of data at individual low-latitude rocket
stations discussed by Reed (1965), Hirota (1978), and
Hamilton (1982b).

For most other tropospheric fields (including qua-
dratic eddy quantities) the climatology of Schubert et
al. (1990a,b—hereafter SMPSW) is used. This is
based on eight years of ECMWF operational analyses
and ranges over standard pressure levels from 1000 to
100 mb. Observed precipitation climatology is taken
from the work of Legates and Willmott (1990). This
provides rainfall rates for the whole globe within 0.5°
latitude—longitude boxes. Over land each box value
represents an average of multiyear means for all avail-
able stations (corrected for various biases in rain gauge
measurements ), while over the ocean more indirect
methods are used to infer the precipitation rates.

The quadratic eddy quantities between 100 and 0.4
mb used in the present work are taken from Wu et al.
(1987), which represents a four-year average of statis-
tics based on daily NMC analyses. These NMC data
were for only temperature and geopotential, so Wu et
al. estimated the eddy winds using geostrophic balance.
The climatology of Randel (1992), while not actually
used in any of the present figures, will be another val-
uable reference for comparison. Randel (1992) derived
zonal means and quadratic eddy quantities from eight
years of NMC temperature and geopotential analyses.
His results extend up to only 1.0 mb, however, due to
his concern about the quality of the analyses above that
level. Hamilton (1982a) presents yet another set of zo-
nal-mean eddy statistics, in this case computed from
four years of weekly subjective upper-atmosphere anal-
yses up to 0.4 mb and based on both operational sat-
ellite radiometer data and meteorological rocket sound-
ings.

Detailed horizontal sections of the geopotential for
the NH at 100, 50, 30, and 10 mb will be used to char-
acterize the lower-stratospheric stationary wave field.
These were taken from the monthly means of the sub-
jectively analyzed radiosonde data prepared at the Free
University of Berlin and provided on the widely dis-
tributed GEDEX ( Greenhouse Effect Detection Exper-
iment) compact disc. There are 23, 34, 34, and 17 years
of data provided for the levels 100, 50, 30, and 10 mb
respectively.

4. Basic results for the troposphere

a. Surface pressure

Figure 2 shows the DJF mean sea level pressure
(SLP) from observations (SMPSW) and from the N30,
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N45, and N90 simulations. The averaging period used
is 10, 2, and 1 year for the N30, N45, and N90 integra-
tions, respectively. Note that the extrapolation to sea
level was presumably done differently in SMPSW and
in the present model results (and so comparisons over
the very high topography of the Himalayas and Ant-
arctica may not be meaningful). The most notable fea-
ture is the strengthening of the zonal-mean gradients in
the extratropics as the model resolution increases. This
clearly occurs in both hemispheres, but to different ef-
fect. In the SH the intensification of the pressure gra-
dients leads to good agreement between the N90 model
and observations, but in the NH the meridional pressure
gradients seen at N90 resolution are much too strong.
Of course, one expects considerable interannual vari-
ability even in the seasonal mean SLP, and this com-
plicates the comparison with a single winter of N90
data. The N90 simulated SLP distribution for the pre-
vious winter (i.e., DJF 1982/83) was also examined
(not shown), and the meridional gradient was again
found to be much stronger than in the long-term mean
observed climatology. The results for /982/83 and
those in Fig. 2 can also be usefully compared with the
sequence of 34 individual yearly observed DJF pres-
sure maps for the eastern Pacific/North American sec-
tor published in Emery and Hamilton (1985). In none
of the observed winter means is the Aleutian low as
intense (<980 mb) as in either of the two N90 winters.

A similar comparison has been made of the SLP
from observations and from the three different model
simulations for the JJA period. The results in the NH
in this case are somewhat less sensitive to resolution
than in SH summer. The high pressure centers over the
North Pacific and North Atlantic tend to strengthen
somewhat with resolution, however, and are perhaps
most realistically simulated at N90 resolution. By.con-
trast, the effect of resolution in the winter hemisphere
is very dramatic. Figure 3 shows the JJA SLP in a SH
polar projection. At N30 the pressure gradients around
Antarctica are unrealistically weak. This gradient in-
tensifies with resolution until in the N90 simulation the
results are fairly realistic. This emphasizes the severe
problems in the N30 simulation. Remarkably, in the
N30 climatology there are almost no surface westerlies
over the circumpolar ocean in the sector bounded by
120°E and 120°W. While the situation is improved in
the N45 SKYHI, only at N90 resolution do the pressure
gradients in this hemisphere come close to those ob-
served. As will be shown below, this dramatic improve-
ment at N90O is paralleled in other aspects of the sim-
ulated SH meteorology.

The behavior of the surface pressure field in the
SKYHI model as a function of horizontal resolution has
parallels in other GCM simulations, which do not in-
clude subgrid-scale gravity wave drag (e.g., Manabe et
al. 1979; McFarlane 1987). Useful comparisons may
also be made with some published studies of models
that do include gravity wave drag. In particular, Boer
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and Lazare (1988) considered DJF simulations in a
spectral model with triangular truncation at T20, T30,
and T40 resolution, and Boville (1991 ) considered DJF
simulations at T21, T31, T42, and T63 resolution in a
model with essentially the same gravity wave drag pa-
rameterization as employed in Boer and Lazare. It is
interesting that Boer and Lazare find that, over most of
the globe, they are able to keep the basic features of
the DJF SLP simulation similar at all three resolutions.
However, their results in the SH circumpolar ocean re-
gion closely parallel the present findings; that is, there
is a systematic intensification of the meridional SLP
gradient with increasing resolution (see their Fig. 1).
Boville (1991) finds similar effects in the SH circum-
polar ocean region. However, Boville finds that even
with gravity wave drag his DJF mean SLP climatology
also significantly changes with resolution in the NH,
and that the most realistic results occur at his highest
resolution.

The overall tendency for the strengthening of hori-
zontal SLP gradients with increasing horizontal reso-
lution is apparently present in all GCMs. However, the
details of the resolution dependence vary greatly
among different models. One encouraging aspect of the
SKYHI results is that at high resolution the circumpolar
SH simulation is quite realistic, while the overly intense
NH surface westerlies could presumably be corrected
by the addition of some topographic gravity wave drag.

b. Upper-level flow

Figure. 4 shows the DJF climatology for the 200-mb
zonal wind from observations and from the three
SKYHI resolutions. Most aspects of the observed geo-
graphical pattern are reasonably well captured in all the
model simulations. In particular, the intensification of
the wind in the eastern North America/North Atlantic
and East Asian/North Pacific jets is evident in all the
models. The simulation appears to change somewhat
with resolution, but the effects are much less dramatic
for the upper-level winds than for the SLP. The general
effect of increasing resolution is to intensify meridional
contrasts and thus make the jet features more zonally
elongated. The simulation of the East Asian jet appears
to be clearly improved by the increasing resolution. The
elongation of the North Atlantic jet may be somewhat
too great in the N90 model. The extent of the region of
tropical easterlies appears to be somewhat closer to ob-
servations in the N45 and N90 models than in N30.

Figure 5 shows the 200-mb zonal wind comparisons
for JJA. The SKYHI results in the NH seem to improve
with resolution. In particular the observed jet over
North America and the North Atlantic indicated in ob-
servations becomes much .more clearly defined in the
simulation as the model resolution increases from N30
to N90. The magnitude of the wind in the East Asian
jet is also improved in the N90 model over that seen at
lower resolutions. In the SH the simulation is appar-
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Fic. 3. As in Fig. 2 but results for JJA presented for the SH.

ently not as sensitive to resolution, except in the cir-
cumpolar ocean areas. Here the N30 model may some-
what underestimate the zonal winds (consistent with
the weak circumpolar circulation simulated near the
surface), while N90 comes closer to simulating the ob-
served very strong winds.

c. Precipitation

The annual-mean precipitation rate over land is
shown in Fig. 6 for observations (Legates and Willmott

1990), and for each of the three SKYHI control runs.
The model results represent 10-, 2-, and 1-year means
for the N30, N45, and N90 resolutions, respectively, but
no spatial smoothing has been applied to any of these
fields. It is evident that the raw SKYHI model precip-
itation fields are quite smooth, and the simulation does
not appear to suffer from the small-scale geographi-
cally fixed variations in precipitation that many spectral
models display. The overall simulation is reasonably
good in all three versions of the model, but there are
some obvious deficiencies in specific areas. In partic-
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ular, all three resolutions underestimate the extent of
the central Asian desert region. Much of the interior of
Asia as well as the southern end of the Arabian pen-
insula is unrealistically wet in the model simulation.
The intense rainfall in Southeast Asia is clearly present
in the model results, but the rainfall in northern India
is greatly underestimated. This particular problem (i.e.,
having a reasonable Southeast Asian monsoon but a
very poor Indian monsoon) afflicts many other GCMs
as well (e.g., Zwiers 1993). Another obvious problem
in SKYHI is the overly wet simulation in the western
United States. It is striking that the model results are
relatively insensitive to resolution, and particularly that
none of the most obvious model deficiencies are rem-
edied by increasing resolution.

Figure 7 shows the same precipitation comparison
over the oceans. The near-equatorial rainband and the
subtropical dry areas are well represented in each of
the three models. The enhanced rainfall along the North
Pacific and North Atlantic storm tracks is present in the
model, but the simulated precipitation rates are smaller
than observed. The precipitation along the storm tracks
is one aspect of the simulation that does seem to be
improved in the N90 resolution SKYHI. The model
simulation (which has no interannual SST variations)
over the tropical Pacific must be regarded with partic-
ular caution, since the actual precipitation in this region
varies enormously through each cycle of the Southern
Oscillation.

Hulme (1991) has recently computed an objective
measure of the quality of a model precipitation clima-
tology as the (area weighted) correlation coefficient
between the observed and model annual-mean precip-
itation rates as averaged in 5° X 5° latitude—longitude
boxes. He chose only to consider boxes consisting pri-
marily of land points (and he ignored a small number
of boxes where the data were not available in some of
the observed climatologies he considered). He applied
this method to several state-of-the-art climate GCMs
and found a range of correlations between 0.60 and
0.84 (when the Legates and Willmott climatology was
used for the observations).

As part of the present study essentially the same
quantity was computed for the correlation between the
SKYHI simulations and the Legates and Willmott cli-
matology. The first step in this procedure was to put
the observed as well as each of the model-simulated
annual-mean precipitation rates onto the 1° X 1.2° N90
grid. The correlation coefficients calculated over all the
land points of this grid are given as the ‘‘unsmoothed’’
values in the first line of Table 1. The computation was
then repeated, but with the precipitation rates first
binned into 5° X 6° boxes. These are the ‘‘smoothed”’
values in Table 1 and should be directly comparable to
the results of Hulme (1991). The results for the
smoothed fields (0.78, 0.76, and 0.82 for N30, N45,
and N90, respectively) are in the upper range of those
obtained by Hulme for several other GCMs. It is inter-
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esting that the correlations computed over the fine 1°
X 1.2° grid are not much lower than those for the
‘‘smoothed’”” values. This demonstrates the rather
smooth nature of the precipitation field produced by the
SKYHI model. The second line of Table 1 gives the
same correlation coefficients, but for the whole globe
(land and ocean). The global correlations are some-
what reduced from those computed using only land
points. This could refiect inadequacies in the oceanic
observed climatology, of course. The final two lines
show results of repeating the land and the land plus
ocean calculations when attention is restricted to the
region equatorward of 30° latitude. The lowest values
for all three models are for the land plus ocean low-
latitude region. It remains to be seen how much the
imposition of a realistic interannual SST variation in
the model might improve the low-latitude results.

As expected from Figs. 6 and 7, the annual-mean
precipitation simulations at different resolutions are
well correlated. The global correlation coefficient be-
tween the N30 and N45 simulation is 0.94, while that
between the N30 and N90 results is 0.87.

Figure 8 shows the N30 continental precipitation
comparison with observations for the DJF and JJA pe-
riods. The model successfully reproduces the basic sea-
sonal march in the Tropics, notably the northward shift
of the heavy precipitation belts over Africa and South
America from DJF to JJA. The problems in simulating
the Indian monsoon are very clearly exposed in the JJA
results, however. In both the tropical and extratropical
NH the DJF simulation appears to be more realistic
than the that for JJA. In particular the observed pattern
of precipitation over North America is well captured
by the model in DJF, but not in JJA. This impression
is confirmed by computations of the correlation coef-
ficients. The seasonal-mean correlation coefficients
with the Legates and Willmott observations are shown
in Table 2 for each of the models (using the 5° X 6°
boxes for the correlation in each case). The correlation
coefficients considering only NH land are larger in DJF
than in JJA, at all SKYHI resolutions.

Overall, the SKYHI precipitation simulation is com-
parable to that of the best currently available GCMs.
There is obviously room for significant improvement,
however. The fact that the main deficiencies in the sim-
ulated precipitation field are in the Tropics and in the
summer extratropics (i.e., where the solar zenith angles
are low and the direct surface heating is large) may
reflect deficiencies in the very simple surface physics
and/or the prescribed cloudiness in the model. The
summer and tropical precipitation simulations are pre-
sumably quite sensitive to the representation of the
land—sea contrasts in heating. The oceanic heating
should be taken care of by the prescribed surface tem-
peratures, but the amount of heating over land depends
on the formulation of radiative effects and the surface
heat balance. The fact that the model as a whole has a
tropospheric cold bias (see section 4d) provides evi-
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TABLE 1. Correlation coefficients between annual-mean rainfall in
observations and in the SKYHI simulations. Unsmoothed values are
for 1° X 1.2° grid boxes, while smoothed values are for 5° X 6° grid
boxes. Low latitude refers to all grid boxes between 30°S and 30°N

Unsmoothed Smoothed
N30 NAS N9O N30 N45  N9O
Global land 074 070 073 078 076 082
Global land and sea 0.68 0.63 0.67 071 069 073
Low-latitude land 072 066 068 0.77 072 079
Low-latitude land
and sea 0.65 057 062 068 0.64 0.68

dence that the treatment of tropospheric heating is not
adequate. The present results also should be considered
in light of the recent study of Miller et al. (1992), who
found that the tropical precipitation simulated in the
ECMWF model was strikingly sensitive to fairly mod-
est changes in the parameterization of evaporation.

d. Zonal-mean wind and temperature

Figure 9 shows the DJF climatology of zonally av-
eraged zonal wind from the model and from observa-
tions (FCSB). The position and intensity of the NH
subtropical jet stream is well simulated in all three
models. The NH surface westerlies are already too
strong in the N30 simulation and obviously increase
still further with improved model resolution (in accord
with the results in Fig. 2 above). The tropical upper-
tropospheric westerly bias, which is clearly present in
the N30 SKYH]I, appears to be largely eliminated in the
higher-resolution models. In the SH the westerly bias
in the model is evident even at the core of the subtrop-
ical jet. The bias increases with increasing resolution.
The position of the SH subtropical jet is also affected
by resolution; the N30 results show the jet too far equa-
torward, but this bias is reduced at N90 resolution.

Figure 10 is a representation of the zonally averaged
DJF temperature in the observations of FCSB and in
the three SKYHI control runs. The observed tempera-
tures are plotted in the upper left corner, and the other
three panels show the deviation of the model climatol-
ogy from the observations. In the troposphere the most
notable feature in this figure is the considerable (over
5°C in some places) cold bias in all the model simu-
lations. A part of this bias can be reasonably ascribed
to the omission of trace constituents such as N,O and
chlorofluorocarbons from the radiative calculations
(Wang et al. 1991). The bias is also no doubt related
to the prescribed cloud distribution adopted. The pres-
ent results may also indicate the need for a more pen-
etrative convection scheme that could transport heat
into the atmosphere more efficiently.

Figures 11 and 12 show the observed and simulated
zonal winds and temperatures for the JJA period. As in
the case of the DJF season, the SH tropospheric zonal
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westerlies are slightly stronger than indicated in FCSB.
The tropospheric cold bias also is clearly present
in JJA.

e. The tropical tropopause

The fact that the tropospheric cold bias noted in the
previous section extends up to the tropopause is a par-
ticular concern for modeling of the stratospheric water
vapor field, since the humidity of the air entering the
stratosphere may be largely controlled by the saturation
values at the tropopause cold trap. The thin curves in
Fig. 13 show the long-term mean DJF 103-mb temper-
ature along the equator in the N30, N45, and N90 mod-
els. For the construction of this figure the N30, N45,
and N90 climatologies are based on 25, 2, and 1 year
of data, respectively. There is only very slight inter-
annual variability in the model simulation of this quan-
tity, and both the N90 and N45 results stand out clearly
when plotted with the 25 individual N30 winters. In
order to make the N30 and N90 results as directly com-
parable as possible, the ‘‘equatorial’’ temperature is de-
fined as the average over the two nearest grid rows
(centered at 1.5°N and 1.5°S) for N30 and over the six
nearest grid rows for N90.

The heavy curve in Fig. 13 is an attempt to show the
100-mb equatorial temperature from observations. It
was based on the 100-mb contour plot in Newell et al.
(1972), which itself was constructed by subjective
analysis of radiosonde data. There is a comparable con-
tour plot of DJF 100-mb temperature given by Oort
(1983), based on his objective analysis of 15 years of
radiosonde data. While over most of the Tropics Oort’s
result is very similar to that of Newell et al., Oort’s
analysis does indicate temperatures ~2°C warmer over
the eastern Pacific (i.e., around 180° to 80°W, where
there is very little data in any event).

Examination of Fig. 13 confirms the large discrep-
ancies between the model temperatures and those ob-
served. The longitudinal dependence of the temperature
in the model has some similarity to that observed, at
least to the extent that the lowest temperatures are lo-
cated over the western Pacific. It is quite possible that
the smoother variation seen in the observed curve sim-
ply reflects the lack of low-latitude observing stations.
The model result—with three temperature minima cor-
responding to maxima in the convection over Africa,
the eastern Pacific, and South America—is quite plau-
sible. The minimum temperatures near 160°E are about
6° and 4° colder than observations in the N30 and N9O
simulations, respectively. It is interesting that the im-
provement in the N90 simulation is not confined to the
equator but appears over the entire Tropics (not
shown). The difference among the three different
SKYHI resolutions cannot be due to the direct radiative
effects of clouds, since the cloud fields are identical in
each case. One can speculate that, given the familiar
tendency for convective instability to intensify at small
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TaBLE 2. Correlation coefficients of seasonal-mean precipitation
in observations and in the SKYHI control runs. Smoothed values are
used.

DIJF JJA

N30  N45 N9O N30 N45 N90
Global land 083 082 086 062 061 071
NH land 088 085 0381 056 053 0.65
SH land 077 075 082 070 080 0386
Global land andsea 0.68 065 070 058 058 062
NH land and sea 076 074 073 056 055 0.59
SH land and sea 063 058 069 050 055 0.64

horizontal scales, there may be more deep convection
(and hence more heating of the upper troposphere)
when the model resolution is increased. Indeed, the zo-
nal mean of the heating from subgrid-scale convection
parameterizations in the tropical upper troposphere is
larger in the N90 model than in the N30 model. It is
possible that this effect might be less apparent if an-
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other convection parameterization were to be used, but
the present results clearly emphasize the difficulty in
formulating resolution-independent model parameter-
izations.

5. Zonally averaged circulation in the middle
atmosphere

a. Northern Hemisphere winter simulation

The SKYHI DIJF zonal wind and temperature cross
sections in Figs. 9 and 10 display a number of inter-
esting features in the stratosphere and mesosphere. The
polar night jet in each of the model simulations is in
reasonable agreement with observations in the lower
stratosphere (below ~10 mb), but discrepancies be-
come significant above this level. In particular, the
model results have a vortex that is too strongly confined
to high latitudes compared with the observations. This
problem in the wind field is accompanied by a cold bias
at high latitudes and a warm bias in the midlatitude
band of the winter hemisphere (Fig. 10). The simula-

0.01 mb

0.1 mb

1.0 mb

10 mb

100 mb

IIVRENNNNEN}

>
©
|

?

t 1000 mb
N

20

0.01 mb

0.1 mb

1.0 mb

10 mb

100 mb

1000 mb
90 N

FiG. 9. DJF mean zonally averaged zonal wind climatologies from observations and from the model control runs. The
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of the 40 SKYHI model levels.

, and dashed contours denote easterly winds. The tick marks on the left show the locations
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FiG. 10. The top left panel shows the DJF mean zonally averaged temperature from observations (CI: 10 K). The
other three panels show the difference of the model climatologies from these observations. The contour interval in these
panels is 5°C, and dashed contours denote regions where the model temperatures are lower than observed.

tion in this respect appears to be somewhat improved
in the N45 and N90 results, but it is not clear that this
difference is significant, given the large interannual
variance seen in boreal winter in the N30 integration
(see Hamilton 1994).

As noted earlier in section 3, the observed winds
shown in Fig. 9 (and Fig. 11) are suspect in the tropical
middle atmosphere. The actual zonal winds near the
equatorial stratopause are almost certainly larger than
those indicated in the FCSB data. The basic results in
Fig. 9 for the model are in reasonable agreement with
the January observations from Kantor and Cole (1964;
see their Fig. 2). In particular, the Kantor and Cole
observed cross section; like the model DJF simulation,
displays an intense easterly tongue confined in altitude
and centered around 1 mb (~50 km), which intrudes
from the summer into the winter hemisphere. Further
consideration of the tropical mean wind simulation in
the model is postponed until section 8.

The low-latitude temperatures in the three models all
have a consistent cold bias in the upper stratosphere,
peaking at more than 10°C near 2 mb. There is also a

warm bias in the lower stratosphere reaching as much
as 5°C near 50 mb. These biases were much smaller in
the model before the changes were made in the radia-
tion routines (see appendix A). Compared with the old
scheme, the new (and more accurate ) diurnal averaging
procedure for the shortwave radiation allows deeper
penetration of the solar beam and hence less solar heat-
ing of the upper tropical stratosphere. As described in
section 2, the prescribed ozone distribution in the
model was designed to produce good simulations of the
tropical middle atmospheric temperature (using the old
radiation code). If this procedure were to be repeated
with the improved radiation code, then higher ozone
concentrations would clearly be required in the upper
stratosphere and mesosphere (this would bring the
ozone distribution more into line with current satellite-

“derived observational climatologies).

b. Southern Hemisphere winter simulation

The SH JJA simulation documented in Figs. 11 and
12 obviously has some serious deficiencies. At all three
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FiG. 11. As in Fig. 9 but

resolutions the polar vortex is much too intense and
centered at too high a latitude, particularly in the upper
stratosphere and mesosphere. The polar temperatures
in the model are much too cold, particularly in the up-
per stratosphere and near the stratopause. Both these
problems are considerably reduced at higher resolution,
although even at N90 resolution the discrepancies are
still large (more than 30°C at 3 mb near the South
Pole). The differences among the three versions of the
model depicted in Fig. 12 (and the difference between
the simulations and observations) are almost certainly
significant {the interannual standard deviation in the
observed high-latitude SH JJA temperature at 3 mb is
less than 3°C; see Randel (1992)]. The implications of
this apparent improvement of the simulation with res-
olution will be considered in section 6.

While the most striking aspect of Figs. 11 and 12 is
the cold pole problem in the upper stratosphere and
mesosphere, it is worthwhile to emphasize the fairly
reasonable simulation in the SH lower winter strato-
sphere. Below about 20 mb the simulated temperatures
are within 5°-10°C of observations [ consistent with the
results reported by Mahlman et al. (1994), who com-
pared a 6-year mean of an earlier N30 integration with
the observed climatology of Randel (1992)]. How-
ever, these biases are indications of important deficien-
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cies in the vortex dynamics (see Strahan and Mahlman
1994a,b). The cold pole problem is manifested in the
SH spring as a considerable bias (>1 month) in the
timing of the breakdown of the winter polar vortex
(Mahlman et al. 1994).

The tropical temperature biases in the JJA simulation
are very similar to those in the DJF period (compare
Figs. 10 and 12).

c¢. NH and SH in summer

Observations suggest that the summer polar meso-
pause may be the coldest region of the atmosphere
(e.g., Lubken and von Zahn 1991). Given the reason-
ably strong radiative heating anticipated at the summer
pole, the explanation for the observed mesopause tem-
perature must involve a strong, dynamically driven re-
sidual circulation. Since only gravity waves are ex-
pected to have significant eddy transports in the sum-
mer middle atmosphere, the observed mesopause
temperature presumably results from a balance between
radiative heating and the residual circulation induced
by the Eliassen—Palm (EP) flux divergence associated
with the gravity wave field. Thus, assuming a GCM
has an adequate representation of radiative processes
in the upper mesosphere, the simulation of the summer
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polar mesopause temperature is a test of the model
gravity wave EP fluxes.

Hayashi et al. (1989) noted that the circulation of
the SKYHI model middle atmosphere included signif-

The model simulation in the summer SH (Figs. 9* icant contributions from gravity waves of all resolved

and 10) and in the summer NH (Figs. 11 and 12) will
be considered together. For both cases, the overall po-
sition and strength of the summertime easterly jet are
quite well simulated by each of the model resolutions,
except in the upper mesosphere. Observations indicate
that the jet actually closes off below the mesopause.
This is accompanied by a very cold summer polar upper
mesosphere [ <170 K at the 0.01-mb level according
to FCSB; recent observations suggest the possibility of
even colder temperatures—Lubken. and von Zahn
(1991)]. The SKYHI model manages to produce a
rather cold polar temperature, but not as cold as ob-
served. The summertime easterly jet in the model also
does not close off by 0.01 mb (except in the N9O JJA
case). This discrepancy systematically improves with
model resolution, however. The temperature at the
0.01-mb level at the summer pole is warmer than in-
dicated in FCSB by about 35°C in the N30 simulation,
30°C in the N45 simulation, and 25°C in the N90 sim-
ulation.

scales. As the model grid spacing is decreased a larger
wavenumber range can be resolved and dissipation in
the intermediate wavenumber bands is reduced, leading
to increased vertical EP fluxes. The behavior seen in
the mesosphere in the present simulations appears con-
sistent with this earlier finding. The improvement in
simulation of zonal-mean temperature with resolution
is accompanied by clear increases in both the EP flux
divergence and the transient eddy kinetic energy in the
high-latitude upper mesosphere (see section 6). Given
the deficiencies in the simulation even at N90 resolu-
tion, it seems clear that this process has not converged.
However, the apparent tendency of the simulation to
converge toward a realistic state suggests that a GCM
with somewhat finer resolution could adequately sim-
ulate the mesospheric circulation without any addi-
tional parameterized drag. Of course, the problems in
the temperature simulation near the summer mesopause
reflect not only the inadequacies of the gravity wave
simulation but also possible distortion of the mean me-
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FiG. 13. The DJF mean equatorial temperature climatology at 100
mb from observations (data from Newell et al. 1972) and from the
N30, N45, and N90 SKYHI simulations. The SKYHI results are ac-
tually for the 16th model ievel from the bottom, which has a pressure
of 103 mb.

ridional circulation by the upper boundary condition
and the omission of exotic physical effects in the
SKYHI treatment of radiative transfer that may become
important in the upper mesosphere (e.g., Mlynczak and
Solomon 1993). Work is now in progress on a version
of SKYHI that will include considerable vertical res-
olution in the lower thermosphere as well as an attempt
at a more complete treatment of radiative processes.
The simulation of the observed summer mesopause
temperature in such a GCM would then be a rather
stringent test of the adequacy of the model gravity wave
field.

6. Quadratic eddy quantities

The basic measures of eddy activity and eddy fluxes
are summarized in this section. The eddy component
will be defined simply as the deviation from the zonal
mean. The stationary component is defined here as the
long-term (10 year, 2 year, and 1 year for N30, N45,
and N90, respectively ) mean. The transient component
is then the deviation from the long-term monthly mean
for each calendar month. This definition is compatible
with the definitions of stationary and transient eddies
employed in the observational sources SPMSW and
Wu et al. (1987), based on eight and four years of data,
respectively. The use of different record lengths for the
different models and observational datasets leads to
some ambiguity in interpreting the stationary/transient
decomposition. In particular the datasets with shorter
records will tend to assign more of the eddy variance
into the stationary component.
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a. Eddy kinetic energy

Figure 14 shows the DJF mean eddy kinetic energy
per unit mass (EKE) from observations (from SPMSW
available only to 100 mb) and the three versions of
SKYHI. Figure 15 shows the same comparison but for
only the transient EKE. In the troposphere SKYHI cap-
tures the EKE peak near the core of the subtropical jet
in each hemisphere. The peak value in the simulations
increases with resolution. This makes the N90 version
the most realistic simulation of the SH EKE, but the
N90 model overestimates the peak EKE in the NH sub-
tropical jet. The tropical upper troposphere has another
maximum in EKE in the N30 model that has no analog
in the observations. Other investigators have noted the
same effect in their GCMs (e.g., Manabe and Mahlman
1976; Boville 1991). It is interesting that this model
peculiarity is virtually eliminated at N90 resolution.
[ This improvement with resolution is also found in Bo-
ville (1991).]

The NH middle atmospheric values in Figs. 14 and
15 may not be too meaningful for the N45 and N90
models, given the large interannual variability ex-
pected. The SH (i.e., summer) values are very inter-
esting, however. Figure 15 shows that the transient
EKE in the high-latitude upper stratosphere and meso-
sphere systematically increases with resolution. This
presumably reflects the more energetic gravity wave
field in the higher-resolution versions.

Figure 16 shows the total EKE in JJA. Again, an
interesting aspect of the tropospheric results is the im-
provement of the SH simulation with increasing reso-
lution. At N30 the maximum in EKE in the SH tropo-
sphere is located at unrealistically high latitudes. This
discrepancy is significantly reduced in the higher-res-
olution versions. The unrealistic tropical upper-tropo-
spheric maximum in total EKE in the N30 version is
seen in JJA as well. Again this problem is virtually
absent in the N90 simulation. The peak NH tropo-
spheric transient EKE in JJA (not shown) is underes-
timated by all three versions of SKYHI. This under-
prediction of summertime transient EKE has also been
found in other GCMs (e.g., Manabe and Mahlman
1976). The increase in the JJA high-latitude NH meso-
spheric EKE with resolution seen in Fig. 16 parallels
the SH summer results noted earlier.

b. Eddy fluxes

Figure 17 shows the DJF total eddy northward flux
of zonal momentum per unit mass from the model and
from observations. Note that the observations above
100 mb are taken from Wu et al. (1987) and reflect
only the component associated with the geostrophic
wind. The tropospheric momentum fluxes have an in-
teresting dependence on resolution. In both hemi-
spheres the poleward flux in the subtropical jet regions
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FIG. 14. Total eddy kinetic energy per unit mass in the DJF period. Results for observations and for the N30, N45,

and N90 SKYHI simulations. The contour values are 25, 50, 75, 100, 200, 300 . .

increases with resolution. In the SH this flux is greatly
underestimated by the N30 model and is near the ob-
" served value in the N90 simulation. In the NH, the flux
is rather realistic at N30 and increases to values ~30%
larger than observed by N90. This resolution depen-
dence of the momentum fluxes is reflected in the sur-
face flow simulations examined in section 4a (stronger
poleward eddy momentum transports need to be bal-
anced by increased drag on the midlatitude surface
westerlies). The large peak (>70 m?* s ?) seen in the
midlatitude momentum flux in the N45 and N90O
SKYHI results is closely paralleled by Boville’s (1991)
results with his T63 spectral model (see his Fig. 6).
The model results in the stratosphere display a strong
peak around 60°N and 0.6 mb. This has an apparent
counterpart in observations, but in SKYHI the maxi-
mum magnitude of the flux apparently is overestimated
(by a factor of ~2-3). The present model resuits are
strikingly similar to those of Boville (1991; see his Fig.
6), who finds a peak value of about 500 m” s ~* at T31
resolution and 800 m?s~? in his highest-resolution
model (T63). Note that the large upper-stratospheric
values in these GCMs are unrealistic when compared

.m?s72,

with any of the Wu et al. (1987), Randel (1992), or
Hamilton (1982a) observational climatologies of eddy
momentum flux. The observational comparison in Fig.
17 above 100 mb is complicated by the fact that the
model results are for the full velocity, while the Wu et
al. climatology uses geostrophic winds. Boville (1987)
examined this issue for NH winter and found that use
of the geostrophic approximation leads to an overesti-
mate of the peak poleward momentum fluxes by as
much as 40% in the upper stratosphere. This makes the
effective discrepancy between observations and model
in Fig. 17 even larger. .

Figure 18 shows the same DJF comparison but for
the northward flux of temperature. The overall sim-
ulation in the heat flux in the winter troposphere and
lower stratosphere appears reasonably good, but the
model greatly overpredicts the fluxes at high latitudes
above about the 30-mb level. Again, if the very small
sample is to be trusted, this unrealistically large
stratospheric heat flux is most evident at N90 reso-
lution.

Figure 19 displays the eddy northward flux of zonal
momentum per unit mass for the JJA season. In the
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Fic. 15. As in Fig. 14 but for the transient eddy kinetic energy per unit mass.

SKYHI troposphere the momentum fluxes in SH winter
display an even stronger dependence on resolution than
in the NH winter. The observations indicate a region
of poleward momentum flux between about 10° and
50°S, reaching as much as 40 m? s ~* near the tropo-
pause at 30°S. At N30 resolution both the extent and
strength of this area of poleward flux is very poorly
simulated. This is yet another indication of the very
inadequate representation of the SH tropospheric me-
teorology at N30 resolution. The tropospheric momen-
tum flux simulation is considerably improved at N45
and N90 resolutions.

Given the very strong dependence of the JJA tro-
pospheric eddy flux on resolution, it is perhaps sur-
prising to see the relative insensitivity of the lower-
stratospheric results in Fig. 19. It appears that the N30
model may indeed do a poor job at simulating many
aspects of the tropospheric eddies, but that the large-
scale eddies that are important in the lower stratosphere
may not be so badly represented. The insensitivity of
stratospheric eddy fluxes to resolution is also apparent
in the JJA eddy temperature fluxes for the three SKYHI
versions (not shown).

c. Eliassen—Palm flux divergence and net radiative
heating

The EP flux divergence provides a convenient mea-
sure of the net eddy forcing of the mean flow. As part
of the present study, the EP flux divergence [ normal-
ized as a zonal force per unit mass; see Andrews et al.
(1983)] was computed from daily snapshots of the in-
tegrations and then again from the long-term monthly
mean history files. The mean of these instantaneous
values is the present estimate of the total zonal force
per unit mass ( ZF), while the analysis of the long-term
mean history files yields the stationary component of
ZF. Unfortunately, there are no very appropriate ob-
servational climatologies for comparison. Randel
(1992) does give monthly estimates of ZF up to 1 mb,
but these were obtained by neglecting the terms in-
volving vertical velocity.

The upper left panel of Fig. 20 shows the total N30
ZF for the DJF period. The most obvious features here
are the strong easterly mean flow driving in the winter
mesosphere and a corresponding westerly driving in the
summer mesosphere. These are largely the result of



28

70.9—

p.BS 0.01 mb

LI S SR B D Bt R S S e SN S B B

88.3—
0.1 mb

—

56.8—

1.0 mb
45.4-

38.1-

—_

10 mb
28.0—

STANDARD HEIGHT (km)

20.9-
100 mb

12.8-

1000 mb
N

r0.01 mb

0.1 mb

1.0 mb

10 mb

STANDARD HEIGHT (km)

100 mb

1000 mb
80 N

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 52, No.

N30

79.9-— r0.01 mb

S e

v/

0.1 mb

y

300

1.0 mb

10 mb

STANDARD HEIGHT (km)

+100 mb

100

I B Wi = = i s S B e
30§ EQ 30N 60 N 20

90-0.01 mb

t 1000 mb
N

STANDARD HEIGHT (km)

+1000 mb
N

FIG. 16. As in Fig. 14 but for the JJA period.

vertical momentum flux convergence associated with
gravity waves. The upper right-hand panel shows the
stationary component computed from 10 years of the
N30 integration. As expected, this is very small in the
summer hemisphere middle atmosphere (and in the
Tropics). The stationary component accounts for most
(but not all) the ZF in the NH stratosphere but is less
important than the transient component in the NH up-
per mesosphere. The lower left panel shows the differ-
ence in the ZF in the N45 model when compared with
the N30 climatology. The lower right-hand panel shows
the difference in ZF between the N90 and N30 runs.
The winter hemisphere results for N45 and N90 may
not be significant, given the limited data available (it
is noteworthy in this regard how noisy the N90 — N30
difference field is in the NH). In the summer hemi-
sphere the results are presumably fairly repeatable from
year to year, and the differences indicated in Fig. 20
are likely significant. The results show that the westerly
drag on the summertime mesospheric jet increases sys-
tematically with resolution, particularly at high lati-
tudes. This increasing drag (which is also accompanied
by the increase in transient EKE at high summer lati-

tudes) is the cause of the improvement with resolution
in the simulation of the zonal-mean wind and temper-
ature structure in the summer mesosphere (see sec-
tion 5).

Figure 21 shows the same quantities as Fig. 20 but
for the JJA period. The NH summer mesosphere has a
similar dependence of ZF on resolution as seen earlier
in the SH summer. In the winter hemisphere the results
are very interesting. As resolution is increased the east-
erly ZF in the SH upper mesosphere increases (except
at the top level in the N90 version). This change is
quite large, particularly in the middle mesosphere (near
the third and fourth model levels from the top). The
cold bias in the polar upper stratosphere also improves
dramatically with increasing resolution (Fig. 12).
Haynes et al. (1991) note that the effects of an isolated
region of ZF can be felt on the zonal-mean circulation
well below the region itself. This is particularly the case
when -the radiative relaxation timescale for the mean
state is long. Since the simulated temperatures in the
SH winter upper stratosphere are so cold, the effective
radiative damping here should be relatively weak.
Thus, the improvement with resolution in the mean
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Fi1G. 17. The northward flux of zonal momentum per unit mass by eddies for the DJF period. Results for observations
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it is 40 m® s™2; heavy contours are used every 200 m? s™2

stratospheric simulation may largely reflect the increas-
ing mesospheric gravity wave drag resolved by the
model. The dependence of the circulation response on
a radiative damping timescale may help explain why
the deficiencies in the resolved gravity wave drag in
the summer hemisphere (apparent in the polar meso-
pause temperature simulation) apparently have much
less drastic effects on the summer upper-stratosphere
temperature.

It is interesting to compare the results in Fig. 21 to
the calculations of Shine (1989). He attempted to de-
duce the distribution of eddy ZF that could account for
the observed zonal-mean temperature structure of the
atmosphere. Shine found that in the SH winter he re-
quired an easterly ZF peaking in midlatitudes and
around 0.1 mb of about 60 m s~' d~'. Figure 21 shows
clearly that the N30 model falls well short of reaching
this value of ZF at the 0.1-mb level, but that a signifi-
cant improvement is evident at N90 resolution. It is
reasonable to expect that the mesospheric ZF would
continue to increase if the model resolution were to be

further improved, and that this would reduce the polar
upper-stratospheric cold bias. .

Figure 22 shows the long-term mean zonally-aver-
aged net radiative heating rates for DJF and JJA for
each of the model resolutions. These heating rates can
be compared with those obtained through radiative
calculations using observed temperatures by Rosen-
feld et al. (1987) or Shine (1989), although both these
references present only January and July values. The
overall distribution of net heating in the DJF SKYHI
model results is similar to that obtained in the earlier
calculations. In particular, the peak cooling rate at the
winter pole in DJF in SKYHI (~9-10 K d ') agrees
well with that in the January results of Shine and Ro-
senfeld et al. The heating rate structure in the SKYHI
SH winter deviates rather obviously from the earlier
calculations (reflecting the fact that the simulated tem-
perature structure is much more realistic in DJF than
in JJA). At all three model resolutions the JJA cooling
rate reaches a maximum at the top level in the high
latitude SH, whereas the calculations of Rosenfeld et
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al. and Shine both suggest that the peak cooling (of
about 12 K d™!) should occur in the lower meso-
sphere.

The lower- and middle-stratospheric results from
SKYHI in both seasons tend to be closer to those of
Rosenfeld et al. than to those of Shine. In particular,
Shine finds net cooling at all latitudes around 10 mb
and only a very small region of positive heating at lev-
els below 10 mb, while the present results show that in
SKYHI there is net heating in the Tropics and most of
the summer hemisphere, in accord with the Rosenfeld
et al. calculations.

The SKYHI heating rates show the largest sensitivity
to horizontal resolution at the top model level. The net
cooling, which is evident in the Tropics in N30, is much
intensified at N45 and N90 resolution (in both DJF and
JJA). This reflects changes in the temperature at the
top model (see Figs. 10 and 12). The circulation in-
duced by the eddy ZF brings warm air to the upper
mesosphere and carries away cold air to lower levels.
At the top model level this process is clearly strong
enough to significantly affect the global-average heat

balance. As noted earlier, the mesospheric ZF driving
the circulation intensifies with increasing model reso-
lution (in both hemispheres) and the global-mean heat-
ing at the top level displays the same sensitivity to
model resolution.

7. Middle atmospheric stationary waves

In this section a detailed comparison will be made
between the NH winter stationary wave field seen in
the time mean of the SKYHI integrations and in com-
parable observations. The main focus is on the N30
simulation, for which multiyear means are available.
The left-hand panels in Fig. 23 show the NH 10-mb,
30-mb, and 50-mb DJF mean geopotential heights av-
eraged over 25 years of the N30 integration. The cor-
responding right-hand panels show the same quantities
computed from the subjective NH analyses produced
at the Free University of Berlin averaged over com-
parably long records (34 years at 50 and 30 mb, and
17 years at 10 mb). The same basic features of the
wave field are apparent in both model and observations.
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The combination of zonal wave 1 and 2 components
result in an elongation of the polar vortex roughly along
the 90°E—90°W axis and a displacement of the vortex
center off the pole roughly along the Greenwich me-
ridian. The phase of the whole pattern tilts westward
with height, so that in the observations the Aleutian
high is centered near 150°W at 50 mb and near 175°E
at 10 mb. The N30 simulated stationary wave phase tilt
is even more pronounced, with the Aleutian high at 10
mb centered near 160°E. The magnitude of the geo-
potential gradients seen at 50 and 30 mb in the model
agree quite well with those observed. However, a com-
parison of the time-mean geopotential maps at 10 mb
shows signs of the model bias noted earlier, that is, a
tendency to have a polar vortex that is unrealistically
confined to high latitudes. The geopotential gradients
in the model vortex are clearly stronger than those in-
dicated in the observations. Looking at the 10-mb re-
sults in Fig. 23, one appreciates how the model might
overestimate the eddy momentum transport at high lat-
itudes. The overall shape of the model-simulated pat-
tern agrees reasonably well with observations, imply-
ing a roughly comparable meridional excursion for air
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parcels following the time-mean flow. However, given
the faster flow in the model vortex, the computed pole-
ward momentum transport will be stronger for the sim-
ulation than for observations.

The long series of detailed NH analyses from the
Free University of Berlin unfortunately extend only up
to 10 mb. Comparisons with satellite data in the upper
stratosphere and mesosphere are also possible, of
course. The right-hand panels of Fig. 24 show the 25-
year January mean amplitude and phase of the zonal
wavenumber 1 component of the temperature in the
N30 integration. This is compared on the left-hand side
to observations of the same quantity taken from Barnett
and Corney (1985b; hereafter BC), based principally
on about 5 years of satellite radiometer data. Figure 25
shows the same comparison for the zonal wavenumber
2 component. The phase convention in each case is that
of BC; that is, the temperature as a function of longi-
tude X is given as

T(A) =Ty + T, cos(\ — ¢,)

+ T, cos(2\ — ¢,) + higher zonal harmonics,
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FI1G. 20. The top left panel shows the total zonal force per unit mass resulting from the eddy fields in the N30 model
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panels the contour values are 0, 2, 4, 6, 8, 10, 20,30 . . . ms™' d™', and dashed contours denote easterly mean flow
forcing. The lower left panel shows the difference in the total zonal force per unit mass between the N45 and N30 models.
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" panels the contour values are 0, 1,2,3,4,5,8,11,14 . . . ms™' d™', and dashed contours show regions where the eddy

driving is more easterly in the higher-resolution model.

where \ is measured in degrees east of Greenwich and
Ty, T\, T,, ¢, ¢, are only functions of pressure and
latitude. The phases ¢, and ¢, are quite variable in
regions where the corresponding amplitudes T and T,
are small, particularly in the observations. Figures 24
and 25 follow BC in not plotting the phases wherever
the amplitudes fall below specified thresholds.

There is a very rough agreement between the obser-
vations and model results for wave 1 when compared
in this way. In particular, the vertical and meridional
phase propagation is quite similar in the model and in
BC, at least up to 0.1 mb (at higher levels the model
stationary wave has much less vertical phase propa-
gation than indicated in the observations). The agree-
ment for the amplitude structure of wave 1 is not as
good, however. The observations display an isolated
maximum in the high-latitude lower stratosphere that
does not have a counterpart in the N30 results shown

in Fig. 24b. The satellite-based observations of BC may
not be particularly reliable at these relatively low lev-
els, however. Van Loon et al. (1973) present wave 1
temperature amplitudes in several individual Januarys
at 65°N up to 10 mb based on radiosonde data (see
their Fig. 10). These results show little hint of the
lower-stratospheric maximum found by BC.

The peak amplitudes for wave 1 in the middle strato-
sphere are roughly comparable (~10°C in BC vs
~14°C in the model), but the SKYHI results show a
second amplitude maximum in the mesosphere that is
not found in BC. Given the long SKYHI record that is
used to construct Fig. 24b, this mesospheric maximum
(associated with a nearly barotropic phase structure;
see Fig. 24d) is presumably a robust feature of the sta-
tionary wave field in the model.

The results for wavenumber 2 shown in Fig. 25 re-
veal reasonably good agreement between SKYHI and
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BC in the lower stratosphere. As expected from basic
considerations (Charney and Drazin 1961) the station-
ary wave 2 perturbation penetrates less deeply into the
stratosphere than the corresponding wave 1. The model
displays a second large maximum in wavenumber 2
amplitude in the mesosphere, which is not apparent in
BC. The wave 2 perturbation in the N30 mesosphere
has almost no vertical phase propagation (Fig. 25d).

The presence of the (apparently spurious) nearly
barotropic wave 1 and 2 stationary waves in the SKYHI
mesosphere may possibly indicate problems associated
with the upper boundary condition. It will be interesting
to examine the mesospheric stationary waves in a ver-
sion of SKYHI that includes a well-resolved lower
thermosphere. The strength of the mesospheric station-
ary waves in the model may also indicate a deficiency
in the effective mechanical dissipation of large-scale
waves. Perhaps an even higher-resolution model with
a more complete gravity wave spectrum would avoid
this problem.

The January mean zonal wave 1 and 2 temperature
harmonics were also examined in the N90 SKYHI in-
tegration (not shown). The N90 analysis employed

only a single January, and so the results are not strictly
comparable to those in the long-term mean of the N30
data. Despite this fact, however, the N90 results turn
out to be qualitatively similar to those obtained for N30.
In particular the presence of a distinct mesospheric am-
plitade maximum is apparent for both wave 1 and
wave 2.

8. Circulation of the tropical middle atmosphere

Some of the most intriguing aspects of the observed
middle-atmospheric circulation occur at low latitudes.
Modeling the quasi-biennial oscillation (QBO) and
semiannual oscillation (SAO) remain important chal-
lenges for GCMs. The tropical stratospheric circulation
revealed in an earlier N30 SKYHI integration was dis-
cussed by Hamilton and Mahlman (1988; hereafter
HMS88). They showed that the model produced a stra-
topause SAO with approximately realistic amplitude,
phase, and meridional and vertical extent. Both the
easterly and westerly phases were somewhat weaker
than observed; in particular the very strong westerly
shears reported from observations by Hitchmann and
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FIG. 23. The long-term mean DJF geopotential heights at 10 mb (top), 30 mb (middle), and 50 mb (bottom) from
the N30 SKYHI simulation (left) and observations (right). The contour labels are in hundreds of meters, and the
contour interval is 200 m. The dashed circles show 30° and 60°N.
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FIG. 24. The amplitude (top) and phase (bottom) of the long-term mean zonal wavenumber 1 component of temperature
in January. The amplitude is labeled in degrees Celsius, and the phase in degrees of longitude. No phases are plotted
for the region where the amplitude drops below 2°C. Results from observations (left) and N30 SKYHI simulation (right).

Leovy (1986) were not reproduced in the simulation.
The simulated easterly phase was also somewhat
weaker than observed, and the observed equatorial
easterly core is more localized in height than that found
in the model. In addition to the familiar stratopause
SAO, rocket and radar observations (Hirota 1978;
Hamilton 1982b; Paolo and Avery 1993) show that
there is a second peak in the amplitude of the semian-
nual harmonic of the zonal wind near the mesopause.
This mesopause SAO has an amplitude of ~20 m s ™'
and is roughly 180° out of phase with the stratopause
SAO. HMS88 found some evidence for a mesopause
SAO with the correct phase but unrealistically small
amplitude at the top level of the N30 SKYHI model.
Comparisons with observations are complicated by the
fact that the model domain terminates at about 80 km
(i.e., below the peak of the observed oscillation).

The analysis of HM88 exposed the absence of any-
thing approaching a realistic QBO in the tropical lower
stratosphere. This is a deficiency that is apparently
shared by all extant comprehensive GCMs (e.g., Bo-

ville and Randel 1992; Hamilton and Yuan 1992), al-
though Cariolle et al. (1993) reported a very weak
(~ =4 ms™') near-biennial signal in the equatorial
middle-stratospheric winds in three spectral GCMs. In
this section the equatorial mean flow evolution in
SKYHI will be examined in the long control integration
with the current version of the N30 model and in the
brief N90 integration available.

a. Semiannual oscillation

Figure 26 shows the time—height section of the an-
nual march of the equatorial zonally averaged zonal
wind computed using data from 10 years from the N30
integration. The basic features of the stratopause SAO
are evident. The oscillation peaks near 1 mb, where
easterlies (westerlies) are maximum in January and
July (April and October). There is also a clear down-
ward phase propagation similar to that observed. There
are some significant differences near the stratopause
between the present N30 simulation and that reported
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FIG. 25. As in Fig. 24 but for zonal wavenumber 2. No phases are plotted for the region
where the amplitude drops below 1.2°C.

in HM88 (see Fig. 6 of HM88). The simulated easterly
phase in the current N30 model is more realistic than
in HM88, with stronger and more localized easterlies.
However, the westerly phase in the present simulation
is actually weaker (and hence less realistic) than in
HM88. The only plausible reasons for these changes
are the correction of the code error in the convective
adjustment (section 2g) and the changes in the strato-
spheric heating rates due to the improved diurnal av-
eraging procedure (section 2e). Other experiments
show that changes in the equatorial upper-stratospheric
mean winds of the order of 10~20 m s™' can be rea-
sonably attributed to the code error correction. Chang-
ing the convection scheme presumably alters the spec-
trum of the upward propagating waves emerging from
the tropical troposphere and hence the mean flow that
is forced.

Recently Sassi et al. (1993 ) have examined the stra-
topause SAO simulated in a 75-level, T31 spectral
model. The basic results for SAO in zonal wind are
fairly similar in their model and in the present results.
Both models are unable to reproduce the strong west-

erly shears reported by Hitchmann and Leovy (1986).
In general, the results of Sassi et al. more closely re-
semble the simulated SAO in the present N30 SKYHI
than the earlier simulation reported by Hamilton and
Mahlman (1988).

The present N30 simulation near the equatorial me-
sopause is similar to that found in HM88. There is an
unrealistic westerly bias in the annual-mean winds and
at least a hint of a semiannual variation roughly out of
phase with the SAQO at the stratopause (this is seen
clearly when the mean and annual harmonic are re-
moved from the seasonal march).

An examination of the seasonal evolution of zonal
wind in the last two years of the N45 integration (not
shown) reveals great similarities with the N30 results
in Fig. 26 (the westerly bias in the upper mesosphere
is slightly reduced in the N45 case). A preliminary ex-
amination was made of the equatorial mean flow evo-
lution in the present N90 experiment (not shown). Of
course, the mean flow changes that are seen in this in-
tegration will reflect to some extent the relaxation of
the flow to a new equilibrium appropriate for the re-
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FiG. 26. Time—height section for the long-term mean annual cycle
of equatorial zonally averaged zonal wind from the N30 SKYHI in-
tegration. Contours are based on the 12 monthly means. The contour
interval is 5 m s~ and dashed contours denote easterly winds.

vised model. In fact the flow evolution in JJA 1984 is
significantly different from the same period in 7/983.
The stratopause SAO seen in the last 12 months is fairly
realistic. The December—January easterly maximum in
N90 appears somewhat weaker than in N30 and even
more localized in height. Whether this difference will
be found in succeeding years of the N90 integration or
whether it merely reflects the nonequilibrium nature of
the solution at this point remains to be seen.

In summary, the improvements in model physics
from the HMS88 results and the increase in horizontal
resolution from N30 to N90 both significantly affect the
modeled SAO. Unfortunately, neither of these changes
appears to unambiguously improve the SAO simula-
tion.

b. Interannual variability

Figure 27 shows the equatorial zonally averaged zo-
nal wind for 10 years of the N30 simulation, with the
10-year mean for each calendar month removed. The
remaining wind fluctuations display some consistent
features, notably a systematic downward phase propa-
gation. The variability peaks around 1 mb, where it is
clearly dominated by relatively high frequencies (pe-
riods <1 y). The large anomalies (up to 10 m s ') can
occur in any part of the year (in particular, they are not
obviously concentrated in boreal winter, when the ex-
tratropical interannual variability is expected to peak).

The variability in the lower and middle stratosphere
is weaker and is dominated by rather longer period
changes. In fact, there is even a quasi-biennial aspect
to the wind evolution below about 5 mb, with general
downward phase propagation. This very weak QBO
(~ =2 m s~ ') shares a number of properties with that
found by Cariolle et al. (1993) in their spectral model
integrations. In particular, the rather irregular nature of
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the oscillation in the unfiltered wind data is also evident
in the results of Cariolle et al. (compare the 10-mb
SKYHI results in the present Fig. 27 with their Fig. 1).
In addition, both the oscillation documented here and
that in Cariolle et al. (1993) are unrealistically confined
near 10 mb and are just barely detectable in the lower
stratosphere. The QBO fluctuations in the integrations
of Cariolle et al. do have somewhat larger amplitude
than those found in the N30 SKYHI. It must be em-
phasized, however, that the amplitudes of the equatorial
zonal wind oscillations in any of these models is al-
most an order of magnitude smaller than that of the
real QBO.

9. Conclusions

This paper has examined the long-term mean cli-
matology as simulated by the GFDL SKYHI model run
at three different horizontal resolutions. The N30 and
N4S5 integrations were made with model codes identical
except for the horizontal resolution. The N90 integra-
tion suffered from some changes in model formulation
during the run, but for the final 15 months of integration
the N90 model was unchanged. This final version of
the N90 code differed from the N30 and N45 models
only in the treatment of the surface heat balance. Some
aspects of the SKYHI model are significantly different
from most other comparable stratospheric GCMs cur-
rently in use (notably the finite-difference numerics
and the use of unsmoothed topography ). Some aspects
of the model physics are extremely simple (notably the
use of fixed cloud amounts ), but much effort has been
expended to ensure that the radiative heating rates in
the middle atmosphere are computed accurately. The
results presented here should provide a hitherto una-
vailable context for interpreting the nearly 20 published

PRESSURE (mb)

FIG. 27. Ten years of the anomaly in the equatorial zonally aver-
aged zonal wind from the N30 SKYHI integration. The period con-
sidered is February /1985 through January 7995. The anomaly is de-
fined as the difference between a particular monthly mean and the
10-year mean for the calendar month. The contour interval is 1 m s™'
below 10 mb and 3 m s~' above 10 mb. Shading denotes winds that
are anomalously westerly.
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papers that have dealt with specific aspects of the mid-
dle atmosphere in the SKYHI model. In addition, how-
ever, the present model results raise a number of inter-
esting questions about GCMs in general and about the
particular challenges of numerical simulation of the
middle atmosphere.

Perhaps the most basic quantity in a climate simu-
lation is the global-mean tropospheric temperature. It
is apparent that the SKYHI model as now formulated
has a pronounced tropospheric cold bias, despite the
imposition of realistic sea surface temperatures. The
explanation for this problem presumably lies in the dis-
tribution of radiative absorbers specified (notably the
cloud fields), which can obviously have a large impact
on the radiative balance of the entire troposphere. Pos-
sible misrepresentation of the radiative heating may
also affect the land-sea heating contrast, and it is in-
teresting to speculate on whether this could signifi-
cantly affect the simulation of monsoon circulations.
Certainly it is apparent that the SKYHI model has some
difficulty in simulating realistic tropical monsoon rain-
fall (and that in general the model precipitation simu-
lation is less realistic in summer than in winter).

Despite these possible difficulties in accurately sim-
ulating the radiative driving of the lower atmosphere,
many of the tropospheric circulation features are rea-
sonably well reproduced by the model. The surface zo-
nal winds (and SLP gradients) in midlatitudes display
the sort of sensitivity to model resolution that has been
documented in other GCMs without parameterized
gravity wave drag. The net result is that the NH SLP
distribution is well simulated at N30 resolution, while
the SH SLP is best represented by the N90 model. By
contrast, the sensitivity of upper-tropospheric flow to
the resolution employed does not appear to be serious,
and reasonably good simulations of the time-mean flow
are obtained with each of the N30, N45, or N9O ver-
sions. This leads to a possible prescription for produc-
ing a realistic tropospheric circulation: run the model
at high (N90) resolution and add a topographic wave
drag that acts principally in the lower troposphere.
Since this should have little effect in the SH (where
there is little topographic relief) the good N90 simu-
lation described in section 4a would be preserved,
while the drag would reduce the excessive surface
westerlies seen in the present N90 simulation without
affecting the upper-tropospheric flow too much. It re-
mains to be shown that such a scheme would actually
work well (as noted earlier, most existing gravity wave
drag parameterizations impose the drag mainly at up-
per-tropospheric levels or distribute it throughout the
troposphere). Even if this drag parameterization could
be tuned to yield a good simulation of the zonal-mean
flow, there remains the question of whether the param-
eterization represents real atmospheric effects. It is
noteworthy that the tropospheric eddy momentum
transports in the present N90 model are larger than
those indicated in the European Centre for Medium-
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Range Weather Forecasts (ECMWF) analyses (Fig.
17). If the observed climatology is correct (and the
resolved eddy transport itself is not reduced by an
added drag), then any parameterized ‘‘gravity wave
effects’” added to the N90 model would only represent
an arbitrary fix. In order to make more progress on this
important problem, it would be desirable to pin down
the magnitude of possible uncertainties in available es-
timates of observed atmospheric momentum transport,
as well as to understand more fully the possible effects
of parameterized drag on the resolved eddy transports
[Boer and Lazare (1988) and Boville (1991); note that
the resolved eddy momentum transports in their models
are reduced by the introduction of a parameterized to-
pographic wave drag].

The lower-stratospheric NH winter simulations in all
three resolutions of the SKYHI mode] are reasonably
good, suffering from the ‘‘cold pole’’ problem to only
a modest degree. It is interesting that SKYHI achieves
this result without the use of a subgrid-scale gravity
wave drag. In fact, the present SKYHI results without
gravity wave drag are similar to those obtained in Bo-
ville’s (1991) spectral model with a significant parame-
terized topographic wave drag in the lower strato-
sphere. In the upper stratosphere and mesosphere the
simulation of the zonal-mean state, while still reason-
able, has a clear bias toward having the polar vortex
too confined near the pole. The resolved eddy heat and
momentum fluxes reflect this bias, with unrealistically
strong fluxes being simulated at very high latitudes in
the NH winter upper stratosphere and mesosphere. In
this respect as well, there are striking similarities be-
tween the SKYHI simulation without gravity wave
drag and those of Boville (1991) in his model with
topographic gravity wave drag.

The problem with the SKYHI NH upper stratosphere
may be characterized as a climatological-mean polar
vortex that is unrealistically small and too nearly polar
centered. It would be of interest to try to understand
the sensitivity of this result to changes in both the tro-
pospheric planetary wave structure and the upward
gravity wave flux. It is certainly possible that the strato-
spheric vortex structure may be quite sensitive to rel-
atively small changes in the imposed tropopause-level
dynamical forcing. In particular, as the vortex is pushed
farther off the pole, increased meridional excursion of
air parcels can lead to a weakening of the effective
radiative contraint on the flow (Fels 1985). Similarly,
a weaker vortex may become more penetrable to quasi-
stationary planetary waves. These issues could be at-
tacked with appropriate three-dimensional mechanistic
model studies.

The SH winter simulation is a particular problem.
The lower-stratospheric temperatures and zonal winds
are reasonably well represented by the model (at least
in a JJA mean), although a significant cold pole bias
does remain. The cold pole bias in the upper strato-
sphere and mesosphere is quite severe. It does improve
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considerably with increasing resolution, however. This

resolution dependence suggests that at least part of the -

model deficiency may result from an inadequate rep-
resentation of the gravity wave spectrum.

Both the NH and SH summer simulation in the
stratosphere and lower mesosphere appear satisfactory
except for an overall cold bias, which can plausibly be
attributed to the ozone climatology employed. In the
upper mesosphere the model simulates a cold summer
pole, but not as cold as is actually observed. This de-
ficiency is systematically reduced with increasing
model resolution, however. The negative aspect of this
result is that an even higher resolution model will be
required to simulate enough gravity waves to properly
represent the upper-mesospheric circulation. On the
other hand, it may well be that the ~1°-3° resolution
employed here is adequate to simulate a significant
fraction of the gravity wave activity required to drive
the circulation in the summer stratosphere and lower
mesosphere.

The comparison of model results with observations
attempted here has revealed both positive and negative
aspects of the GCM simulation. The poor simulation of
the SH winter upper stratosphere and mesosphere and
the virtual lack of a QBO in the model are major prob-
lems that will require much further work. Improvement
is still possible as well in many of the more favorable
aspects of the present model performance. Throughout
this paper differences of the order of 5°C (or sometimes
more) between the model and observation have not
been regarded as too worrisome. This is reasonable in
light of the history and the current state of middle at-
mosphere comprehensive modeling. However, a much
higher standard of model performance may be required
before a GCM is adequate for some of the most inter-
esting chemical applications. For example, accuracies
of better than 1°C at the tropopause would be desirable
for a simulation of the stratospheric water vapor field.
A similar accuracy for the winter polar vortex would
be needed if something like a first-principles simulation
of polar stratospheric clouds (and associated hetero-
geneous chemistry ) were to be undertaken. These con-
siderations also reinforce the necessity to continue to
improve the observational estimates of middle atmo-
spheric climatology.
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APPENDIX A

Comparison of the First and Second Winters in the
N90 Control Run

Most of the N90 analysis in this paper has focused
on the period after the introduction of the revised ra-
diation code and the correction of the error in the moist
convective parameterization. It is illuminating to also
look briefly at the N90 simulation before these changes
were incorporated. Figure Al shows the difference in
the January mean zonally averaged temperature be-
tween 1983 and 1984. There are a number of interesting
aspects to this figure. In the troposphere the lapse rate
in the first year is steeper than in the second. This is
consistent with the expected effect of the code error in
the convection (see section 2). The tropospheric
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FiG. Al. The difference in the monthly mean zonally averaged
temperature in the N90 SKYHI simulations in January /983 and Jan-
uary 1984. The contour interval is 1°C, and dashed contours indicate
regions that were colder in /983.
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changes seen in Fig. Al are also similar to what was
found when a low-resolution version of SKYHI was
run with and without the code error.

In the tropical middle atmosphere the second January
is warmer (colder) above (below) 10 mb than in the
first January. Comparing this to the temperature bias of
the second DJF period (Fig. 10), one sees that much of
the tropical middle atmospheric temperature bias was
introduced by the changes made in the model. The im-
proved diurnal averaging of the solar heating rates leads
to a net deeper penetration of the solar flux (and con-
sequent reduction in heating in the upper stratosphere).
The results with the new radiation code would be im-
proved if the ozone concentrations in the upper strato-
sphere were increased. See the discussion in section 5.

The largest temperature differences between the two
Januarys are in the high-latitude NH stratosphere. In
the N90Q run January /983 had a very strong sudden
warming (Mahlman and Umscheid 1987), while the
second winter actually had no major midwinter warm-
ing. It is reasonable to suppose that the difference in
the polar vortex temperatures shown in Fig. Al pri-
marily reflects the natural interannual variability of the
model, rather than the changes in model physics (this
could apply to the changes seen in the NH upper meso-
sphere as well, since midwinter stratospheric warmings
are generally accompanied by significant cooling of the
upper mesosphere). A longer integration of the N90
model would obviously be necessary to confirm that
the model interannual variability could account for
such a large difference. However, these changes are
consistent with the degree of interannual variability
found in the long N30 run; see section 5 and Hamilton
(1994a, 1995).

The high-latitude summer upper mesosphere is also
warmer in the second year than in the first. The natural
interannual variability in the summer middle atmosphere
is very small, and so this difference must be related to
the alterations made in the N90 model. The changes in
the diurnal averaging procedure are not likely to be of
direct significance for the upper mesosphere (where the
ozone absorption is in an optically thin range). As noted
in sections 5 and 6, the summer upper mesosphere tem-
perature is determined by a balance between radiation
and the effects of gravity wave—induced mean circula-
tions. In SKYHI a significant fraction of the gravity
wave activity found in the middle atmosphere originates
from convective forcing in the tropical troposphere
(Manzini and Hamilton 1993). This source will obvi-
ously be affected to some extent by the correction of the
error in the convection parameterization. It is likely that
the ~5°C difference in the upper left corner of Fig. Al
reflects either changes in the gravity wave fluxes emerg-
ing from the troposphere and/or the effects of the
changes in the tropical mean wind structure (see section
8) in filtering the gravity waves before they reach the
summer mesosphere.
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APPENDIX B
Simulationn with Smoothed Topography

As noted in section 5, one of the major issues raised
by the present control runs is the cause of the difference
between the SKYHI boreal winter polar vortex and that
simulated with spectral models when run without grav-
ity wave drag. One possibly significant difference in
the SKYHI model is the use of essentially unsmoothed
topography versus the typical topography employed in
spectral models (spectrally truncated then altered in or-
der to reduce the sea level depressions). In order to test
the effect of a smoother topography, part of the N30
integration was repeated with a revised topography. In
order to obtain this new topographic dataset, the stan-
dard N30 gridded values were expanded in spherical
harmonics and the resulting series was truncated to
T29. This truncated harmonic representation was then
evaluated on the N30 grid. No further alteration was
applied (this meant that at some places the ocean sur-
face points could be several hundred meters below or
above the nominal sea level).

This new integration started from the initial condi-
tions on 1 September 71985 of the N30 control integra-
tion. The topography was slowly deformed from the
original topography to the smoothed topography over
the first 15 days of September, and then the integration
proceeded through the following February. The DJF
mean zonally averaged zonal wind field from the end
of this integration was examined (not shown). The re-
sult was notable for its similarity to the DJF climatol-
ogy of the control run (Fig. 9), with the peak westerly
wind about 70 m s ' It is apparent that simply smooth-
ing the topography to something close to what might
be used in a moderate-resolution spectral model does
not lead to extreme changes in the simulated NH winter
polar vortex.

Note added in proof. There is some recent work rel-
evant to the comparison between the model-simulated
tropical stratospheric temperatures and those in the
Fleming et al. (1988) climatology (see section 5 and
Figs. 10 and 12). In a wide-ranging study of various
observational datasets for middle atmospheric temper-
ature, Remsburg et al. (1994) note that the Fleming et
al. values in the tropical upper (lower) stratosphere are
warmer (colder) than those determined from the 7
months of Nimbus 7 LIMS (Limb Infrared Monitor of
the Stratosphere) satellite data. Thus, the present
SKYHI model simulations are in better agreement with
the tropical LIMS temperatures than with those of
Fleming et al. Preliminary results from the UARS MLS
remote temperatures also suggest a colder tropical up-
per stratosphere than indicated by Fleming et al.
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