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ABSTRACT

A version of ECMWF’s first spectral model with a comprehensive physical parameterization
package has been used for long-term integrations in perpetual January mode. The model has
9 sigma-levels in the vertical and the expansion of the horizontal fields are truncated at total
wavenumber n = 31. In order to simulate the observed January climate both in terms of mean-
fields as well as the spectral distribution of the kinetic energy as accurately as possible, a series
of experiments has been performed with varying parameterizations of some physical
processes, especially the damping mechanisms. The inclusion of a simple gravity wave drag is
found to have a substantial impact on the simulations. The position and depth of the mean sea
level quasi-stationary low pressures in the northern hemisphere is more in accordance with
their observed counterparts with the gravity wave drag included, and the excessive
stratospheric polar night jet, which is developed in the model without the drag, is effectively
controlled by this parameterization. The sensitivity due to changes in the vertical diffusion of
momentum, heat and moisture has been considered by crude variations in the mixing length.
It turns out that even large changes in the value of the mixing length have a quite modest
influence on the mean fields simulated by the model. The horizontal diffusion is necessary in
order to represent the effect of the unresolved scales on the explicitly predicted scales. The
parameterization of this effect is incorporated in the model as a linear term utilizing that in a
spectral formulation, a linear diffusion can easily be formulated with any scale dependency. It
is found that an increase of the diffusion in the smallest scales may result in an increase of
eddy kinetic energy of the larger scales and even an increase in the total eddy kinetic energy.
Moreover it appears that it is quite possible to formulate the linear diffusion of the model to
simulate the observed spectral variations of kinetic energy for the medium and smaller scales.

1. Introduction

The use of comprehensive atmospheric general
circulation models in climate studies has in-
creased considerably in recent years concurrently
with the increase of computer resources. A
climate modelling project was thus initiated at
the Geophysical Institute, University of Copen-
hagen when the installation of a new computer
system at the Danish Meteorological Institute
was completed. As discussed for instance by
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Simmons and Bengtsson (1984), the development
in numerical modelling has blurred the distinc-
tion between numerical models for climate
research and for medium-range weather forecast-
ing. The main difference between the two types
of models is the time for which they must be
integrated and, depending on that, the degree of
spatial resolution being possible. It was therefore
found very appropriate to base a medium-
resolution climate model on the advanced
prediction model developed at the European
Centre for Medium Range Weather Forecasts
(ECMWF). A version of the ECMWF’s spectral
model was applied and its spatial resolution
adjusted to the computer capacity available and
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then the model was tested regarding its ability to
simulate characteristic features of the general
circulation, primarily for January conditions. A
number of errors common for other similar
models was found, especially a too small eddy
kinetic energy, too strong westerlies at the upper
levels of the model at the vicinity of the north
pole and some shortcomings in the simulation of
the stationary planetary waves. It was attempted
to remove or at least to diminish these errors by
making a number of changes in the model.

In the present paper, we will focus especially
on the effects of changing the damping mechan-
isms in the model not from the point of view of
short- or medium-range forecasting, but merely
by considering the impact on the long-term
balance determining the general circulation. The
vertical diffusion is a principal damping mech-
anism associated with the vertical transfer of
momentum, heat and moisture by small-scale
turbulent eddies. In general circulation models
with several levels, the vertical diffusion is rep-
resented by a unified formulation embracing the
exchange between the surface and the atmos-
phere, the boundary layer and the possible turbu-
lent transfer in the free atmosphere. It has not
been the intention to study the effects of more-or-
less sophisticated parameterizations of vertical
diffusion, but only to consider the sensitivity of
the model to crude variations of the strength of
the vertical diffusion as expressed by the mixing
length. It turns out that even large changes in the
value of the mixing length have a quite modest
influence on the mean fields simulated by the
present model. Another parameterization associ-
ated with the vertical transfer of momentum,
namely that of a gravity wave drag, has on the
other hand a significant impact on the general
circulation. During the last few years, more-or-
less advanced representations of the sub-grid
scale vertical momentum transport by mountain
gravity waves have been introduced in several
general circulation models. In the present work,
the effect of the gravity wave drag has been
considered by using a very simple formulation. In
Section 3, the impact of this parameterization on
the simulation is demonstrated.

A further damping mechanism used in all
general circulation models is lateral diffusion.
Using a spectral model, it is not necessary to
introduce any lateral diffusion in order to prevent
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numerical instability in calculation of the non-
linear terms. It is necessary, however, to incor-
porate a suitable form of diffusion as represent-
ing the effect of unresolved scales on the
explicitly predicted scales. Unfortunately, the
physical mechanism underlying this effect is not
fully understood, so its parameterization must
rely mainly on heuristic arguments. A numerical
integration with a model without any lateral
diffusion term will quite soon become unrealistic
due to an accumulation of kinetic energy on the
small components near the truncation limit.
Thus, the effect of the lateral diffusion term must
be to prevent this so-called spectral blocking and
more generally to ensure realistic spectral
distributions of energy. Simultaneously with the
change from a horizontal grid-point represen-
tation to a spectral representation which has
taken place in most global models, it was found
computationally suitable to simplify the formu-
lation of the lateral diffusion by a linear term,
and thereby utilizing that in the spectral formu-
lation a linear diffusion can quite easily be
formulated with any scale dependency for each
spectral component. By experimentation with the
present model, it was considered appropriate to
study how changes of the scale dependency as
well as the strength of the lateral diffusion will
influence the simulated general circulation,
especially in relation to the systematic errors of
the model. In Section 4, the results concerning
the kinetic energy and its spectral distribution
will be presented. It is found that an increase of
diffusion on the smallest scales may result in an
increase of eddy kinetic energy of the larger
scales and even an increase of the total eddy
kinetic energy. Moreover, it appears that it is
quite possible to formulate the linear diffusion in
such a way that the model simulates the observed
spectral variation of kinetic energy for the
medium and smaller scales.

2. The model

The model used for the experiments presented
in this paper is based on the first spectral fore-
cast model developed at ECMWF (Baede et
al., 1979). The prognostic variables describing
the horizontal motion are the vorticity and
divergence of the horizontal wind. The mass
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continuity equation in vertically integrated form
is used as prognostic equation for the logarithm
of surface pressure and as diagnostic equation for
the derivative of sigma with respect to time. The
thermodynamic equation is used for prediction of
virtual temperature and finally the continuity
equation for water vapor mixing ratio completes
the system of prognostic equations. The horizon-
tal representations of the dependent variables are
truncated series of spherical harmonics with
zonal wavenumber m and total wavenumber n
(the order of the Legendre polynomials), and the
model employs the transform method (Eliasen
et al., 1970; Orszag, 1970). The model was de-
veloped for medium-range weather forecasting,
and it has been used with varying horizontal
resolution for this purpose at ECMWF. The
truncation has been chosen to be triangular and
the maximum total wavenumber n is used to
express the horizontal resolution, so TN is used
for a truncation at n= N. The horizontal resol-
utions considered at ECMWF have been T2I,
T42, T63 and T106. The generally satisfactory
behavior of the low-resolution spectral model
T21 has led it to be used for long-term inte-
grations as for instance by Volmer et al. (1984),
Cubasch (1985) and more recently for climate
simulations at the Hamburg Climate Computing
Centre (Fischer, 1987). Certainly it is quite likely
that a higher spatial resolution should be used
in order to obtain a satisfactory description of
the different physical processes, so in order to
approach the higher horizontal resolutions with-
out a too large increase in computer resources
needed, it was decided to use the model as T31.
With this resolution, the model may be con-
sidered as a low-resolution model compared with
models used for deterministic weather forecast-
ing, but compared with models generally used for
long-term integrations or climate studies, T31 is a
quite high horizontal resolution. For the T31 rep-
resentation, the physical processes are computed
in the transform grid with 48 Gaussian latitudes
and 96 equally spaced longitude points. The
vertical coordinate in the model is sigma, equal to
pressure normalized with its surface value. At
ECMWF, the model was used with 15 levels with
the values of sigma given by a 4th-order
polynomial in the level number. For the present
application, the number of levels has been
reduced to 9, but the vertical spacing of sigma
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layers is obtained from the same 4th-order poly-
nomial giving the following values at full levels
carrying the prognostic variables: 0.042, 0.132,
0.237, 0.360, 0.500, 0.648, 0.792, 0.914 and 0.989.
The semi-implicit time-stepping scheme is used
together with a weak time filter, and the time-
step used is 30 min. With this choice of spatial
resolution and time-stepping scheme, the model
can be integrated over 1 month in 35 min on the
available AMDAHL VP1100 computer.

Sources and sinks of energy due to solar and
thermal radiation are calculated on the basis of
the two-stream approximation as it has been
developed by Geleyn and Hollingsworth (1979).
The short-wave and long-wave part of the spec-
trum are divided into 2 and 3 subintervals,
respectively, for which calculations are done
separately. The scheme in the form used here
generates its own clouds from relative humidity,
whereas ozone, carbon dioxide and aerosols are
prescribed with their observed contents and
spatial variations. This comprehensive radiation
scheme is rather computer demanding, so the
simulation of the diurnal cycle is not considered
and furthermore, the interval between the appli-
cation of the scheme is chosen to be 24 h.

The parameterization of deep convection in
the models used at ECMWF has been based on
the Kuo-scheme as described by Tiedtke et al.
(1979). The introduction of the parameterization
of shallow non-precipitating convection has been
shown to have a positive impact on the
hydrological cycle and consequently on the
diabatic heating in the operational model at
ECMWF (Tiedtke, 1985). The inclusion of a
similar formulation of shallow convection in the
present model is dubious, considering its coarser
vertical resolution. Recently, a new convective
scheme has been proposed by Betts (1986), which
includes parameterization of both deep and
shallow convection, and this scheme has been
adapted to the present model. The scheme util-
izes the concept of quasi-equilibrium between
cloud fields and synoptic scale conditions and
parameterizes the changes of heat and moisture
by simultaneously adjusting the model profiles
towards observational-based reference profiles,
which implies that in convective situations, the
thermal structure of the model will be forced
towards observed climatology. The reference pro-
files are determined for each grid point every
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time-step, with stability and humidity structures
depending on the type of convection. The cloud-
top height found using the moist adiabat from the
lowest level distinguishes shallow and deep
convection. In the present model, the convection
is assumed to be shallow if the cloud top is below
level 6 (about 650 hPa). The adjustment rate used
is 2h for both shallow and deep convection.
Other details about the scheme follow the work
by Betts (1986) and Betts and Miller (1986).
The large-scale precipitation scheme, which
is employed after the convective adjustment
scheme, is used in the form described by Tiedtke
et al. (1979).

Over the oceans, the surface temperature is
fixed to its climatological value, and the surface
stress is determined using the formula by
Charnock (1955). For temperatures below —2°C,
sea-ice is assumed with increased albedo and
decreased values for the roughness length. Over
land, the surface temperature is a prognostic
variable, but it is linked through a diffusion term
to a climatological deep soil temperature,
whereas the roughness length is prescribed. The
vertical fluxes of momentum, sensible heat and
latent heat at the surface-atmosphere interface
are dependent on the stability and roughness
length (Monin-Obukhov). Above the lowest
layer, the turbulent fluxes are determined by the
mixing length scheme as has been formulated by
Louis (1979). The diffusion coefficients depend in
this formulation largely on the mixing length.
The profile of the mixing length is determined
by the formula proposed by Blackadar (1962)
describing the increase from below to some fixed
asymptotic mixing length. In most experiments
considered here, the mixing length has been
chosen to be 100 m for all three kinds of fluxes,
but also some experiments with varying values of
the mixing length have been performed.

The effect of orography enters the model
equations directly through the specification of the
geopotential height at the surface. This geopoten-
tial height is necessarily very smooth in general
circulation models. The concept of enhanced or
envelope orography was introduced by Wallace
et al. (1983) in order to reduce systematic errors
due to insufficient orographical forcing in the
ECMWF (T63) forecast model. The effect of
envelope orography has been the subject of an
investigation concerning its dependence on
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model resolution, Jarraud et al. (1985), where it
turned out that for a low-resolution model (T21),
the impact on the models error features of using
an envelope orography, was little or even nega-
tive. Hence, the envelope orography has not been
considered in the present model. However, a
significant effect of orography is associated with
gravity waves generated over sub-grid scale
orographical features. These waves may propa-
gate upward to high levels, where they are
absorbed or dissipated. Although the possibility
that gravity wave activity may have an important
impact on the large-scale flow was suggested
many years ago (Lilly, 1972), the parameter-
ization of gravity wave drag in general circu-
lation models is quite new (Boer et al., 1984;
Dickinson, 1985; Palmer et al. 1986). In the
present model, the mean orography is used to-
gether with a very simple but efficient parameter-
ization of gravity wave drag following the formu-
lation described by Dickinson (1985). The effect
of gravity wave drag enters the tendency
equation for the zonal component of the wind as

u_
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where u is the zonal component of the horizontal
windvector, g is the acceleration of gravity, p,
the surface pressure and 7, is the stress in zonal
direction due to gravity wave motion. At the
surface, this stress is assumed to be given by the
expression

1,, = kpuNh'?, @

where k is a constant, p and N are the density and
Brunt-Viisild frequency at low altitude, respect-
ively. The quantity 4’2 is the variance of the sub-
gridscale orography. Eq. (2) is further simplified
to

Tox = A-P* ug(©, — Og) 2 h'2, 3

where the indices refer to model levels counted
from above. @ is the potential temperature and
A is a constant with the value 1.275-10712
s m~3 K~'? normally used in the present model.
Similar equations are applied for the meridional
component. The variance 4’2 is determined from
a high-resolution orographic dataset (US Navy),
and it is limited to (400 m)? in order to avoid too
excessive stress at the edges of the mountain
ranges. The vertical variation of the stress is
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treated in the most simple way by assuming it to
be constant in the lowest 3 layers of the model
(up to about 720 hPa) from where it decreases
linearly with sigma to zero at the top of the
atmosphere or at the level where the wind com-
ponent under consideration changes sign com-
pared to its low-level value.

The lateral diffusion is taken into account in
the model by the analogous expressions in the
equations for vorticity, divergence, virtual tem-
perature and humidity. Formally, the vorticity
equation may be written

aém, n
ot

= Rm. n + Fm,n’ (4)

where £, , is the spectral component of the
vorticity with m and n representing the zonal and
total wavenumber, respectively. F, , represents
the lateral diffusion and R, , all other terms. In
several spectral models (for instance the models
at ECMWF), the expression

F,,=—JV¥, =—Ja*n(n+ 1), , )

is used with J being a constant. Generally, the
scale dependency in terms of the spectral total
wavenumber #» may be written

Fm‘n= _Lném,n’ (6)

where L, is a function increasing more-or-less
with n. In order to have the possibility to increase
the damping on the smaller scales of motion in
the spectral representation without a simul-
taneous increase of damping of the larger scales,
the following form of L, may be considered

L= {L <%>ﬂ ) ™

0 n<n,

where N is the upper limit of n and L; n, and §
are constants. A lateral diffusion expressed by (7)
was introduced in the model of the Canadian
Climate Centre described by Boer et al. (1984) on
the basis of theoretical considerations, Leith
(1971), and with the value of L obtained from the
observational study of Chen and Wiin-Nielsen
(1978). Both expressions (5) and (6) have been
applied in order to investigate the influence of
different scale dependency and the influence of
the strength has been considered by using differ-
ent values of L and J including also the value

Tellus 41A (1989), 5

zero. Applying the formulation (7), the values
f=2 and n,=23 have been used and L is
normally assigned the value 5-10-*s~!. From a
theoretical point of view, the effect of the scale
selectivity of a linear horizontal diffusion on the
development of baroclinic waves in an adiabatic
spectral model with a climatological basic state
has been studied by MacVean (1983). In view of
the quite heuristic arguments concerning the
lateral diffusion, it seems quite likely that the
optimum diffusion formulation in a general circu-
lation model will depend upon the model itself,
both regarding the spatial resolution of the model
and the parameterizations used for the different
physical processes.

In the numerical integrations, the linear dif-
fusion term is included as an implicit term; thus
with 7 indicating the number of time steps of
length At, eq. (4) with (6) may be written

T+l _ gr—1
m,n m,n — pt _ T+1
2At Rm"l Lném.n b
giving

&V +2ALRY,
T+l — 4 i

mn 1+2A1L,

>

showing that the diffusive effect is included by
multiplying the result of the time-stepping
forward, without dissipation, by the factor
(14 2A:L)-.

3. Simulation of January climate

The simulation of the January climate obtained
with the version of the model described in the
previous section will be considered as a reference
for further numerical experiments. In the follow-
ing, this reference simulation will be compared
with the observed climate by considering long-
term mean-fields of the general circulation. The
statistics of the reference simulation is obtained
from a 600-day integration with an arbitrary
chosen initial state, namely that with the initial
data from the ECMWF analysis of the 15
January 1982. The integration is carried out as a
perpetual January simulation, i.e., with constant
solar insolation of 15 January and sea surface
temperatures and deep soil temperature in land
surfaces prescribed as the climatological values
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for January. Similar perpetual January simu-
lations have been presented for recent years,
e.g., for the NCAR community climate model
described by Pitcher et al. (1983). It is perhaps
questionable to what extent such a perpetual
January simulation should actually coincide with
observed climate, and in fact it is stated by
Zwiers and Boer (1987) for the model of the
Canadian Climate Centre that the simulated
climate obtained with a perpetual January
forcing is significantly different from that ob-
tained with annual cycle forcing. In any case, it
must be reasonable to assume that at least the
basic features of the simulated perpetual January
climate may be tested against the observed
climate values.

From several integrations, it was found that an
integration of up to 60 days is necessary to have
the influence of the initial state removed from the
model’s own climate and hence to have stationary
long-term statistics. Thus, the first 60 days of
each integration have been disregarded, and for
the following days of the integration, mean values
are obtained for periods of 90 days. For the
reference simulation, the mean values of 6 such
90-day averages was examined and it was found
that the differences from one period to another
were quite small compared to the corresponding
differences between the reference simulation and
the simulations from the considered integrations
of the model.

The zonally averaged cross-sections of tem-
perature and zonal wind are shown in Fig. 1 as
mean values for the period 60-150 days of the
reference integration. For a comparison, Fig. 2
shows the same cross-section for the observed
mean of January 1983 computed from the
ECMWF analysis. It is seen that the model is
reasonably good in simulating the observed
tropospheric wind distribution for a single
month, and the same will be the case for a
comparison with climatological values of the
zonal wind. The main difficulty by simulating the
mean zonal wind as well as the temperature field
occurs in the stratosphere.

The mean sea-level pressure (or 1000 hPa geo-
potential height) is a fundamental climatological
parameter representing the integrated effect of
the basic dynamics and thermodynamics of the
atmosphere. As a matter of fact, the mean sea-
level pressure field has been shown to be quite
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Fig. 1. Time-averaged zonal mean values of the lati-
tude-pressure cross-section of zonal wind (ms-!) and
temperature (K) for the reference simulation.

difficult to simulate satisfactorily, and as will
be shown later, this field is quite sensitive to
changes in the model formulation. Fig. 3 shows
the mean 1000 hPa geopotential height for the
reference simulation over the northern hemi-
sphere with mean values again taken over the
60-150 day period of integration. For compari-
son, the observed mean field for three January
months 1983, 1984 and 1985 is shown in Fig. 4.
As the observed January mean field is known to
vary a good deal from one year to another, the
3-year mean will not be climatologically represen-
tative, but nevertheless, the well-known main
features of the sea-level pressure field is rep-
resented quite well by Fig. 4 just as it is simulated
quite well by the model integration. In a similar
way, the mean geopotential heights in the tropo-
sphere are also simulated reasonably well as
illustrated by Figs. 5, 6, showing the simulated
and observed 500 hPa surface, respectively.

A further very important question about the
reliability of the simulation is how well the eddy
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Fig. 5. Same as Fig. 3, but for the 500 hPa level.

activity is simulated, both concerning the inten-
sity and geographical distribution. As the most
immediate statistical quantity describing the
eddy activity, the temporal standard deviation at
the 500 hPa height for 600 days of the reference
simulation is shown in Fig. 7 for the northern
hemisphere. The corresponding observed stan-
dard deviation field for a month varies strongly
from one year to another, so in order to have a
climatological representative field, it will be
necessary to apply mean values over many years.
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Fig. 7. The temporal standard deviation of the 500 hPa
geopotential height for the 600 days of the reference
simulation. The contour interval is 10 m.

In the paper by Blackmon et al. (1986), Fig. 2¢
shows the standard deviation of the 500 hPa
height for observations through 60 winter
months. From Fig. 7, it is seen that the maxima
of the standard deviation field are associated
with the Icelandic and Aleutian low-pressure
centers. Compared with the observed field, the
simulated values are slightly to small and further-

more, the maximum areas occur at more
southerly latitudes. A further maximum in the
observations over northern Eurasia is not simu-
lated well by the model.

The parameterization of the drag due to
orographically-induced gravity waves was in-
cluded in the reference simulation. The effect of
the gravity wave drag in the present model is
illustrated in Fig. 8, where the cross-sections of
zonally averaged temperatures and zonal vel-
ocities are shown for an integration without
gravity wave drag. By comparison with Fig. 1, it
is obvious that the momentum sink introduced by
the gravity wave drag has a large impact on the
momentum balance in the stratosphere. Besides
the excessive strong polar night jet, too strong
winds are also present in the lower troposphere;
thus the zonally averaged surface wind in the
latitude belt from 40° to 60° north is above
5m s~!. On the southern hemisphere, the impact
of the gravity wave drag is much less pronounced
as should be expected. On the northern hemi-
sphere, the gravity wave drag also has a positive
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Fig. 8 As Fig. 1, but for the experiment without

gravity wave drag.
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impact on the standing eddies as may be seen by
comparing the 1000 hPa geopotential heights in
Fig. 9 with the same quantity in Fig. 3 for the
reference simulation. As seen, the North Atlantic
low is far too deep and shifted towards the
northeast in the integration without gravity wave
drag. Similar results were obtained by Boer et al.
(1984) and Palmer et al. (1986).

The excessive polar night jet as it appears in
Fig. 8 has been a common failure for general
circulation models. In the NCAR community
climate model, a similar bias was reduced by a
careful parameterization of long-wave radiation
(Ramanathan et al., 1983). In that model, on the
other hand, horizontal diffusion also plays an
important rdle in diminishing the extreme
stratospheric westerlies (Boville, 1984). Another
method for reduction of the polar night jet is to
use a linear damping in the momentum equation
(Rayleigh friction). Some experiments with the
present model using Rayleigh friction in the
uppermost 2 levels with varying values of the
friction coefficient show that it is quite possible
to considerably reduce the bias in the upper-level
zonal wind and temperature. However, the effect
of this procedure is insignificant in low altitudes
where the wind speed remains too strong,
reflecting errors in the mean sea-level pressure
pattern as in Fig. 9. The use of Rayleigh friction

4' "

Fig. 9. As Fig. 3, but for the experiment without
gravity wave drag.
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or enhanced diffusion may be considered as
useful numerical tools with little or no physical
basis. The gravity wave parameterization on
the other hand is based on observed physical
phenomena, and moreover, it has a positive
impact on the simulation both at high and low
levels. It is quite possible that part of the defects
visible in the integration without gravity wave
drag may be due to inaccuracy in other processes
in the model. In the present model, the gravity
wave drag formulation has been used both as a
physical process in its own right and as a tuning
tool. Thus the coefficient 4 in eq. (3) is selected in
order to optimize the performance of the refer-
ence simulation, but the resulting stress is still
within the somewhat uncertain limits which, e.g.,
is summarized in Palmer et al. (1986). The influ-
ence of the value used for A has been considered
by an experiment with the value of A reduced to
half its value in the reference experiment. The
mean 1000 hPa height field obtained in this
experiment is more in accordance with that in
Fig. 3 than that in Fig. 9, indicating that the
effect of the gravity wave drag parameterization
is by no means linear in A.

The vertical diffusion in the atmosphere above
the boundary layer is another damping mech-
anism which may be considered as being import-
ant for the simulated mean fields. Three experi-
ments have been performed which all may be
compared with the reference simulation, since
the only deviation from this is the change in the
vertical diffusion. The most radical is of course to
remove the vertical diffusion above the boundary
layer. This has been done by performing an
experiment with the formulation applied only in
the three lowest layers and simultaneously reduc-
ing the asymptotic mixing length to 30 m. In the
second and third experiments in this category,
the vertical diffusion is active at all levels as in
the reference experiment with asymptotic mixing
lengths equal to 30 and 300 m, respectively. The
results of these experiments are equivocal in the
sense that it is impossible to find a significant
response of the long-term mean fields to the
change in the vertical diffusion. The amount of
eddy kinetic energy of the smallest scales in the
upper troposphere is the only quantity for which
a clear signal is seen. The increased values of the
mixing length have a marked tendency of reduc-
ing the kinetic energy level in these scales,
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whereas there is hardly any effect on the larger
scales.

4. Simulation of the kinetic energy

It is a basic requirement of a general circu-
lation model that it must be able to reproduce
the observed amount of kinetic energy both as
regards its spatial and spectral distribution. Table
1 shows the principal figures for the whole sphere
of the mean kinetic energy at the 500 hPa level
for the 450-600 days of the reference simulation
and for the observed values for the three January
months 1983-1985. Conventionally, the total
kinetic energy is divided into the kinetic energy
of the zonal flow KZ and the energy of the eddy
motions KE and furthermore into the energy of
the stationary motion and the transient motions.
It is a well-known defect by most general circu-
lation models that they reproduce a somewhat too
small eddy kinetic energy, and from Table 1, it is
seen that the value of the simulated KE actually
is about 809 of the observed value. In the lower
part of the troposphere, the simulated KE is
about 909 of observed value, whereas at the
250 hPa level, the simulated value is only 709, of
the observed one. The values listed in Table 1 are
computed from the rotational part of the velocity
field. The corresponding values for the divergent
part of the motion are as expected quite small,
about 3% of the total eddy kinetic energy. The
meridional and vertical distribution of the kinetic
energy of the stationary zonal mean flow may of
course be deduced from the cross-sections shown
in Fig. 1. The geographical distribution of the
eddy kinetic energy is broadly connected with the
horizontal field of the standard deviation of the
height field as shown in Fig. 7. More precisely,
Fig. 10 shows the meridional variation of the
kinetic energy for the total (upper part) as well as

Table 1. Kinetic energy at 500 hPa (m? s=2)

Simulated Observed

KZ KE KZ KE
standing 55.2 15.9 63.9 18.7
transient 2.1 454 3.6 57.0
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Fig. 10. The meridional variation of the eddy kinetic
energy (m?s~2) at the 500 hPa level. The upper part
shows the total eddy kinetic energy for the reference
simulation (solid) and for obervations (dashed). The
lower part shows the transient eddy kinetic energy.

the transient part (lower part). The values ob-
tained from the model are compared with ob-
served values given by Oort and Peixoto (1983) as
mean values of December, January and February
for the 1968-1973 period. From the figure, it is
seen that except in the equatorial area, the tran-
sient eddy energy is somewhat too small,
especially in the areas of the westerlies on the
northern hemisphere. Moreover it is seen from
the figure that the amplitudes of the stationary
waves are somewhat too large around 30°N.

The spectral distribution of the kinetic energy
must be considered as a fundamental character-
istic of the atmospheric circulations in the differ-
ent horizontal scales. The mean value over the
sphere of the kinetic energy K of the rotational
part of the flow is written as the sum

K=Y K,

Tellus 41A (1989), 5
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where K, , is the kinetic energy of the motion
described by the component ¢,, , of the spherical
harmonic analysis of the streamfunction . A
simplified picture of the spectral energy distri-
bution is obtained by considering the one-dimen-
sional spectra defined by

K=Y K, or K=Y K,

where K, is the sum of energy of all components
having the same zonal wavenumber m, and simi-
larly K, is the sum of the energy of all
components with the same spherical harmonic
index n. The one-dimensional spectrum K, is
shown in Fig. 11 for the reference simulation as
well as for the observed values. It is seen that for
the waves with wavenumbers larger than 7, there
is very good agreement between simulated and
observed values, whereas the simulated energy
values are somewhat too small for the long
stationary waves (m=1-3) as well as for the

N

_KINETIC ENERGY (m*s™?)

4]

20 30

2 5 10

Fig. 11. The spectrum K, (m? s~2) at the 500 hPa level
for January 1983 (solid), the reference experiment
(dotted) and for the experiment without lateral dif-
fusion (dashed).
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dominant baroclinic waves (m=4-7). In a
similar way, Fig. 12 shows the simulated and
observed spectra K, with the contributions from
the mean zonal flow included. From the spectral
representation, it is seen that the smaller values
of the simulated kinetic energy in relation to the
observed value occur for the components with the
values of n in the range from 5 to 10, i.e.,
components in the two-dimensional represen-
tation being an essential part of the stationary
waves as well as the main baroclinic waves.

The question about the form of the energy-
spectrum has been studied quite extensively dur-
ing the last 20 years both from analysis of
observational data as well as from theoretical
considerations. A recent account of the problem
representing both the empirical and the theoreti-
cal part is given by Boer and Shepherd (1983).
From the observations as well as from theory, it
is generally agreed that in a certain inertial
subrange, the energy-spectrum will decrease
approximately in accordance with a —3 power
law. So in Figs. 11, 12, the straight lines

20

-
(=)

0

N

_KINETIC ENERGY (m?s’%)

o

il

2 5 10 20 30
n

Fig. 12. As Fig. 10, but for the spectrum K.
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represents the power law m~3 and n—3, respect-
ively. For the reference simulation (as for the
observed values), it is seen that the K, spectrum
follows the m~3 variations quite well for m > 6,
whereas the K, spectrum varies as n=3 for n > 10.

It is to be expected that the eddy kinetic energy
and especially its spectral distribution will be
influenced strongly by the choice of lateral dif-
fusion. In order to examine this influence, a series
of numerical experiments have been carried out
with varying strength and scale-dependency of
the linear diffusion. The experiments are listed in
Table 2. In the B-experiments, the V4 diffusion is
used as given by eq. (5), whereas the more scale-
selective diffusion given by eqs. (6) and (7) are
used in the C-experiments. In both cases, the
diffusion represents an exponential damping for
each scale represented by n, and in the last
column of Table 2, the e-folding decay times for
the smallest scale with n= 31 are given for the
values of the diffusion constants J and L. The
experiment C2 is identical to the reference
simulation. The results of the experiments may be
summarized as in Table 3, giving values of
kinetic energy for the larger scale eddies (KE)_
with <19 and for the rest of the spectrum
(KE)s. KT denotes the total kinetic energy. The
observed values in the last row are mean values
for the three January months of 1983-1985.

By comparing the values from the integration
A without any lateral diffusion and the values
from the B-experiments, it is seen that the use of
V4 diffusion causes a decreasing amount of eddy
energy on the smaller scales, (KE)s, and further-
more that this decrease is connected with an
increase of the eddy kinetic energy of the larger

Table 2. Diffusion experiments

Diffusion e-folding decay

Experiment coefficient time in days

A none —

Bl = 2-10'3m* 5! 9.68

B2 J=10-10'> m* s~! 1.94

B3 J=280-10"5 m* s~! 0.24

Cl L= 25-10"*s"! 0.70

C2 (ref.) L= 5010745 0.35

C3 L=10.0-10"%s"! 0.17

L. LAURSEN AND E. ELIASEN

Table 3. Kinetic energy at 500 hPa (m? s—%)

Experiment (KE), (KE); KE KZ KT

A 34.7 21.0 55.7 412 96.9
Bl 3717 17.2 549 449 99.8
B2 42.2 10.7 539 498 1027
B3 43.3 3.0 46.3 62.0 108.3
Clt 47.0 11.0 580 534 1114
C2 (ref)) 50.8 9.6 604 549 1153
C3 53.8 9.2 630 56.1 119.1
observed 66.5 9.3 75.7 615 1432

Table 4. Kinetic energy at 250 hPa (m? s2)

Experiment (KE), (KE); KE KZ KT

A 71.3  31.0 102.3  133.7 236.0
Bl 76.7 24.6 1043  139.6 2409
B2 833 128 96.1 1464 242.5
B3 91.9 29 948 1754 270.2
Cl1 91.5 13.2 104.7 153.7 257.4
C2 (ref.) 99.3 11.1 1104 1552 265.7
C3 101.5 10.1 111.6 158.4 270.0
observed 1499 164 166.3 210.2 376.5

scales (KE), . It is seen that the total eddy kinetic
energy decreases with increasing strength of the
V4 diffusion, and furthermore, that the reduced
eddy activity is accompanied by a considerable
increase of the kinetic energy of the mean zonal
flow and thereby also by an increase of the total
kinetic energy. For the more scale-selective dif-
fusion used in C-integrations, this effect of the
lateral diffusion is even more pronounced, in the
way that the increase of (KE), is larger than the
decrease of (KE)s, so that the total eddy kinetic
energy increases with increasing strength of
lateral diffusion. The variations of kinetic energy
values shown in Table 3 are quite representative
for the whole troposphere with a larger deviation
from observed values in the upper part of the
troposphere as can be seen from Table 4 showing
the values corresponding to Table 3 for the
250 hPa level.

Tellus 41A (1989), 5
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The effect of lateral diffusion may also be seen
from the one-dimensional spectra K, and K,.
Besides the zonal wavenumber spectra from ob-
servations and from the reference integration,
Figs. 11, 12 also show the spectrum from the
integration without lateral diffusion. The curves
in Fig. 11 show clearly the decrease of kinetic
energy of the eddies with m > 8 and the energy
increase for the long waves with m < 8 caused by
the use of lateral diffusion. Similarly, it is seen
from Fig. 12 that the use of lateral diffusion
implies in the n-spectrum a drop of energy on the
small scales with n> 15 and an essential growth
of energy on the large scale with n < 5.

The linear 4th-order diffusion as given by eq.
(5) is quite generally used in spectral models.
Thus, it is used in the ECMWF operational
model and it was also used in the application of
an ECMWF T21 for long-term integrations
(Volmer et al., 1984) and for the el Nifio anomaly
studies by Cubasch (1985). In these studies, the
same value of the diffusion coefficient was used as
in experiment Bl. Actually, this value represents
a rather weak diffusion with an exponential
e-folding decay time of 44.6 days for n=21. The
distribution of eddy kinetic energy with the zonal
wavenumber obtained in experiment B1 is shown
in Fig. 13. By comparing with the corresponding
spectrum from observations, it is seen that spec-
tral blocking with high energy values at the
smallest scales is still significant, and actually the
spectrum for the Bl integration is quite close to
the spectrum from the experiment with no lateral
diffusion as shown in Fig. 11. The effect of
increasing the value of the diffusion coeflicient J
in the V4 diffusion is clearly demonstrated in Fig.
13 by the spectral curve resulting from the inte-
gration B3 with the large value of J=80-10!%
m*s~!. A value of J a little larger than that used
in experiment B2 will bring the energy spectrum
quite close to the observed spectrum for m > 6,
but for the larger scales with m <6, the energy
will be somewhat smaller than that obtained in
the reference simulation.

As the long-term mean flow is strongly
influenced by interactions with the eddy motion,
it is to be expected that changes of the eddy
kinetic energy as well as its spectral distribution
connected with changes of the lateral diffusion,
must also generate changes of the long-term mean
flow. Thus, it is seen from Tables 3, 4 that the
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Fig. 13. The spectrum K,, (m? s~2) at the 500 hPa level
for January 1983 (solid), experiment Bl (dashed) and
experiment B3 (dotted).

inclusion of lateral diffusion results in all cases in
a significant increase of the kinetic energy of the
zonal flow. By comparing the mean zonal flow of
the experiment without lateral diffusion with the
mean flow of the reference experiment, it is
found that the use of lateral diffusion results in a
considerable increase of the mean zonal velocity
in the area from 45°S to 65°S and a smaller but
more broadly distributed increase in the region
from 25°N to 65°N. Furthermore, the horizontal
mean fields are essentially influenced by vari-
ations of the lateral diffusion. Considering, for
instance, the long-term mean height field of the
1000 hPa surface over the northern hemisphere
for the simulation without lateral diffusion, it is
found that the low- and high-pressure areas are
essentially weaker than those obtained in the
reference experiment. A comparison between the
different experiments listed in Table 2 shows that
the reference experiment simulates the mean
observed height of the 1000 hPa level as well as
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other pressure levels most closely. It must be
considered, however, that this result from the
reference simulation is also dependent on the
inclusion of gravity wave drag effect as shown in
Section 3.

5. Concluding remarks

The development of a medium-resolution
general circulation model on the basis of a fore-
cast model from ECMWF has been described.
Applying the original version of the model with
reduced vertical and horizontal resolution for
long-term perpetual January simulations, a sub-
stantial climate drift of the model was found. In
order to reduce this drift, a number of changes
has been made in the parameterization of several
physical processes. The introduction of a new
convective adjustment scheme, which takes into
account both deep and shallow convection, re-
sulted in better simulations of the precipitation
patterns and some improvement in the level of
kinetic energy. These findings have not been
further reported in the present paper, where all
simulations described have been performed with
a version of the model including this convective
scheme as described in Section 2. Another
change in the model has been the introduction
of a parameterization of orographically exited
gravity waves. The inclusion of the effect of these
small-scale waves by a simple parameterization
turned out to have a large effect on the simulated
mean fields. Before the inclusion of this para-
meterization, the model reproduced a too strong
polar night jet and a too deep quasi-stationary
low pressure in the North Atlantic which further-
more was shifted towards the northeast. These
large systematic errors have been considerably
reduced after the gravity wave drag parameter-
ization was implemented in the model. These
results are in general accorance with those
demonstrated in several other models in recent
years.

A main problem with the adaption of a high-
resolution forecast model in order to make it
feasible as a climate model concerns the treat-
ment of the effect of the unresolved scales on the
larger scales explicitly described by the model.
Conventionally, this influence is parameterized
by a linear lateral diffusion term, and two formu-

lations with quite different scale-dependencies
have been considered in the present model. A
number of experiments with different values for
the diffusion-constants have been carried out in
order to investigate the effect of this parameter-
ization. It should be noted that in the present
model, the same formulation and constants have
been applied for all prognostic variables at all
levels. The formulation has furthermore been
applied and tested on sigma surfaces only. The
effect of the formulation and strength of lateral
diffusion on the simulated mean fields is of
considerable magnitude. It was found that a
formulation acting exclusively on the smaller
scales is generally the best. The simulated kinetic
energy spectrum is, with this formulation, in good
accordance with that observed for the medium
and smaller scales. Furthermore, an essential
improvement in the simulated level of eddy
kinetic energy on the larger scales was obtained
with this formulation compared with the more
commoly used V* diffusion. This peculiar effect
of using the lateral diffusion exclusively on the
smaller scales seems to be of quite general nature
and not due to any special feature of the model,
as for instance the treatment of lateral diffusion
on sigma-surfaces, which may be questionable,
especially in mountain areas. In any case, quite
the same effect of the lateral diffusion formu-
lation was found from numerical experiments
with the very simple general circulation model
used by Eliasen (1982), i.e., a two-layer primitive
equation model with a homogeneous surface.

In contrast to the effect of lateral diffusion, it
turns out that the effect on the 90-day mean
statistics of the vertical diffusion used is of minor
importance. In the present study, the develop-
ment of individual synoptic systems has not been
examined in much detail and the development of
individual systems may well be more sensitive to
the parameterization of vertical diffusion than
gross statistics.

Even with the changes introduced, the model
exhibits a significant climate drift with a too low
level of eddy kinetic energy and too small vari-
ability, especially at low frequencies. Neverthe-
less, models like this are generally considered as
useful tools for studies of principal climatic fea-
tures related to the general circulation of the
atmosphere, such as the atmospheric response to
external changes. In the past decade, a good deal
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of attention and work has been devoted to studies
of the appearance and the mechanisms determin-
ing the interannual variability of the global
climate. The internal variability of the atmos-
phere alone seems to be too small to explain the
observed variability, but without much doubt, the
coupled atmosphere-ocean system will contain a
large part of the interannual variability. The aim
in order to model this variability is to develop
fully interactive atmosphere-ocean models. Such
models, however, are still in their infancy and
furthermore the demand for computer resources
necessary in order to use such models is very
large. Thus, it seems appropriate to continue the
experimentation with general circulation models
of the atmosphere with specified lower boundary
conditions over the oceans. The impact of anom-
alous sea surface temperatures on the atmos-
pheric circulation has been studied extensively in

recent years. Experimentation with anomalous
sea surface temperatures in the tropics has been
initiated with the present model and will be
followed by experiments concerning the impact
of extratropical anomalous sea surface tempera-
tures on the simulated climate.
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