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The CSIRO nine-level atmospheric general circulation model is described. Due to
the use of the flux form of the dynamical equations, the model achieves conservation
of mass and global energy making it particularly suitable for climate simulation.
Climatologies of 30-year equilibrium simulations by the model, when coupled to a
mixed-layer ocean with prescribed heat transport, for present and doubled CO,
conditions are presented. The global means of standard fields in the simulated
present climate are generally close to observed values. Root mean square errors of
the fields are tabulated. The spatial and seasonal variations of the fields are simu-
lated with an accuracy comparable to that of other models. A strong spatial corre-
lation between simulated cloud cover and soil moisture is also noted.

The global mean surface warming induced by the doubling of CO, in the model is
4.8°C. The close energy balance of the model ensures that the warming is not affec-
ted by any spurious energy sources or sinks. Changes to the structure of standard
fields are generally similar to those in simulations previously reported. In the tropics
there is a shift upwards of the mean meridional circulation. This is related to
changes in the atmospheric diabatic heating rates. The mean level of latent heating
rises about 30 hPa. There is also a shift poleward of the latitudes of peak ascent and
precipitation associated with the Hadley circulation. However, changes in zonal

mean relative humidities are generally small.

Introduction

Despite the limitations of the historical record, a
slow but irregular increase in global mean surface
temperature since the late 1800s has been recog-
nised by the Intergovernmental Panel on Climate
Change (IPCC 1990, 1992). This change has
coincided with increases in the concentrations of
the atmospheric ‘greenhouse’ gases, in particular
carbon dioxide (CO,). While the direct radiative
effect of these increases is to produce a relatively
small surface warming, interactions within the cli-
mate system have the potential to amplify the
climate change through ‘feedbacks’.

The inclusion of representations of the cryos-
phere and oceans into atmospheric general circu-
lation models (GCMs) allows them to simulate an
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ocean temperature change and the important
feedback of surface albedo change, in addition to
various atmospheric feedbacks. Until recently,
most investigations into the sensitivity of the cli-
mate system to changed CO, levels have used
models with a slab or mixed-layer ocean (MLO)
for which an equilibrium climate can be readily
attained. There is a considerable range (1.7°C-
5.3°Cin IPCC 1990, 1992) of equilibrium climate
warmings (or sensitivities) to a doubling of the
greenhouse gases from such models. This is largely

_because many of the processes important to feed-

backs are unresolved by existing global models
and are represented only through ‘parametri-
sations’. For example, as noted by Mitchell and
Ingram (1992, hereafter referred to as MI) the par-
ametrisation of convection is important to both
cloud and water vapour feedbacks. Given that
some GCMs do not conserve energy over long
simulations, some of the variation amongst the
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_reported warmings may be due to spurious energy
fluxes.

A number of ‘transient’ simulations of climate,
in which the atmospheric composition is changed
at realistic rates, have been made using models
with a full dynamic ocean (IPCC 1992). In these
simulations the rate of warming is a function of
both the atmospheric model sensitivity and the
rate of heat uptake by the deep ocean. Thus a large
contributor to the uncertainty over the likely

future climate change is the uncertainty in the

sensitivity simulated using GCM-MLO models.
There is clearly a continuing need for the further
development of such models, and for studies into
the validation of all aspects of model simulations,
in particular those associated with feedbacks and
energy balances.

This paper describes a greenhouse experiment
performed with the nine-level atmospheric GCM
(hereafter referred to as CSIR09) developed for
climate research at the Division of Atmospheric
Research of the Australian Commonwealth Scien-
tific and Industrial Research Organisation
(CSIRO). The experiment has been noted by
IPCC (1992) and follows that performed with the
previous four-level model CSIRO4 (IPCC 1990;
Gordon and Hunt 1994). As for that experiment,
the present model has been coupled to a 50 m
deep MLO with prescribed heat transport.

The following section briefly describes the
CSIR0O9 GCM. The simulations of the model
under present (or 1 XCO,) and doubled (2 XCO,)
greenhouse gas conditions are then described,
with emphasis on the global energetic balances.
The global means and global projections of vari-
ous important fields from the 30-year equilibrium
1 XCO, climatology are presented and compared
with observed climatologies. Diabatic heating
fields, which have rarely been presented in pre-
vious studies, are considered. The basic differ-
ences between the 1 XCO, and 2XCO, climates

_are then described. Similarities and differences to
the changes near the tropopause noted by MI are
featured. A discussion of the results follows. A
more detailed analysis of feedbacks in the simu-
lation, among other studies, will be described else-
where.

Description of the CSIRO9 GCM

The CSIRO9 GCM solves the primitive equations
of atmospheric dynamics using spectral methods,
at R21 horizontal resolution and with nine sigma
vertical coordinate levels: 0.979, 0.914, 0.803,
0.660,0.5,0.340,0.197,0.086 and 0.021. The flux
form of the dynamical equations (Gordon 1981) is
used, allowing the model to conserve mass with-
out the need for the a posteriori correction
methods which are commonly employed by spec-
tral models. A horizontal harmonic diffusion,

on approximate pressure surfaces and with co-
efficient 10° m? s~! (as for CSIRO4), is applied
only to the upper half of the rhomboid of spectral
coefficients. The model’s gravity-wave drag
scheme follows Chouinard et al. (1986). As in
Palmer et al. (1986) the ‘launching height’ is lim-
ited to 800 m. While the use of the flux form of the
spectral equations aids in the conservation of
energy by the model, it is still necessary to incor-
porate explicitly the kinetic energy dissipated by
diffusion, surface drag and gravity-wave drag into
the atmospheric diabatic heating. This energy
transfer averages 2.5 W m~2in this model. During
multi-year simulations, the annual mean net
energy flux into the model atmosphere through
the top of the atmosphere (TOA) and the surface is
less than 0.5 Wm~2

Unlike the dynamical fields, atmospheric water
vapour is held only on the 56 latitude by 64 longi-
tude points of the ‘Gaussian’ transform grid.
Advection of moisture is evaluated by a pseudo-
spectral technique. Harmonic diffusion of
humidity was incorporated because it was found
to be effective in ameliorating occasional unreal-
istically dry columns. This diffusion is calculated
spectrally, with a coefficient 0.5X 106 m2s~!, and
applied to the full rhomboid of spectral coeffi-
cients for specific humidity. Drying in the upper
levels below 2 X 10~ kg (water)/ kg (air) by verti-
cal advection is not allowed. A global adjustment
of humidity (following Royer 1986) was found
to be necessary to prevent negative specific
humidity. A semi-implicit leapfrog time inte-
gration scheme is used, with time step 30 minutes.
A weak Robert time filter is included.

The model uses the newer ‘vectorised’ version
(M.D. Schwarzkopf, personal communication
1991) of the Geophysical Fluid Dynamics Lab-
oratory (GFDL) radiation code, with the terres-
trial or long wave (LW) radiation calculation
based on Schwarzkopf and Fels (1985, 1991) and
solar or short wave (SW) radiation based on Lacis
and Hansen (1974). Heating rates are calculated
every two hours. A uniform CO, concentration of
330 ppm is used for the present climate. Ozone
concentrations are assumed to vary seasonally,
with no change in the doubled CO, case. The
annual and global mean incoming solar radiation
is341.9 Wm~2

Cloud cover is diagnosed in three layers. (low,
middle, high) using an adaptation of the Slingo
(1987) scheme. In each layer it is set to the
maximum of a humidity-dependent cover, a con-
vective cloud cover and a low-layer stability-
dependent cloud. A pragmatic tuning of the
scheme was applied to produce a relatively
realistic cloud distribution for the present cli-
mate. The humidity-dependent cover varies
quadratically with the excess of relative humidity
(RH) over a critical RH value (72, 45 and 77 per
cent —order as above) to a maximum cloud cover
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at saturation (70, 53 and 50 per cent). Due to the
limited smoothing of water vapour, instantaneous
values of RH were frequently 100 per cent and
allowing 100 per cent cloud cover was found to be
detrimental to the simulated cloud climatology.
Saito and Baba (1988) provide some obser-
vational justification for such a reduction in the
maximum cloud fraction averaged over a grid
square. A fixed convective cloud amount (55, 42
and 25 per cent) is assigned to layers within a con-
vective tower. The stability-dependent low-layer
cloud amount was small on average. Cloud radi-
ative properties depend only on the layer and
follow those of the GFDL code, except that cloud
reflectivity was reduced by three per cent to pro-
duce close radiative balance at the TOA in the
annual mean. The individual cloud layers are
assumed to be randomly overlapped.

Precipitation is generated. through both the
removal of the moisture which produces super-
saturation, and through a cumulus convection
sheme. The convection scheme is a modification
of the Arakawa (1969) ‘soft’ moist-adjustment
scheme. Cumulus towers are diagnosed to occur
from alayer (with at least 75 per cent RH) which is
moist unstable with respect to the one above. The
cloud mass flux removes moisture (as precipi-
tation) and also redistributes moisture at a rate
such that the moist static instability at each level
decays with an e-folding time of one hour. Drying
does not occur if RH is less than 60 per cent. The
mass flux also redistributes momentum. The
shallow convection scheme of Geleyn (1987) is
applied at all levels. Turbulent subgrid-scale ver-
tical mixing is parametrised in terms of stability-
dependent K theory following Blackadar (1962).

The surface topography used in the model is
determined from the R21 representation of a 1°
dataset. The distribution of land and ocean points
on the Gaussian grid largely follows the actual dis-
tribution, although there are slight adjustments in
the Indonesian region to ensure that all high grid-
points are land. The subsequent coastal outline is
shown in the maps presented here. The albedo of
snow-free land points is given by the time-
independent Posey and Clapp (1964) values.
Precipitation is converted to snow (up to a maxi-
mum depth of 4 m) if the temperature at the sec-
ond atmospheric level is below 0°C. The albedo of
snow (over 0.1 m depth) is 0.8, reducing to 0.5 if
the snow is melting.

The simple thermodynamic ice model of Par-
kinson and Washington (1979) is used to calculate
ice growth (to a maximum depth of 4 m) and
melting. The albedo of snow-freeiceis 0.65. A2 W
m~2 ice basal heat flux is prescribed (as for
CSIRO4, but note that the actual fluxes under
Antarctic ice are now estimated to be larger than
this). The ocean albedo increases with the solar
zenith angle z as 0.05/(cos z + 0.15).

The temperature of the top soil layer (thickness

0.03 m) is evaluated prognostically from the sur-
face energy budget equation. If snow is present, it
is assumed in this equation to replace the top soil
layer and have thickness 0.23 m. The second
(thickness 0.255 m) and third (2.5 m) layers trans-
fer heat through conduction. Zero flux is assumed
at the base of the third layer. The second layer
temperature typically lags the first by about six
hours while the third layer varies seasonally. Soil
(or snow) density is 1600 (or 100) kg m~3 and
specific heat is 1000 (2090) J kg~! K~!. Thus the
top layer has the same heat capac1ty whether it is
soil or snow. The diffusivity is 0.3X10¢
(0.1 X109 m?s™!. Surface moisture is evaluated
using the two-layer (depths 0.005 m and 0.5 m)
force-restore scheme of Deardorff (1977). The
saturated moisture fraction for the lower layer w,
is 0.32 (0.16 m of water) while that for the upper
layer w, is 0.36. For snow-covered surfaces
w, =0. 36><(1—0008><(27316 T,)). Note
that coupled implicit integration of the surface
temperature and moisture equations was found to
be necessary to avoid oscillatory behaviour. Some
oscillations remained in cases of large evapor-
ation, particularly at sunrise.

The surface boundary parametrisation follows
Louis (1979). It is based on Monin-Obukhov
similarity theory, which assumes that fluxes of
momentum, heat and moisture are constant with
height in the surface layer. In the calculation of
evaporation w,/0.36 is used as the surface relative
humidity. A mmlmum 4m s~ wind speed is
assumed. Over sea, the surface roughness length
used in the calculation of the momentum flux is
proportional to surface stress. However, guided
by experimental results (J.R. Garratt, personal
communication 1991) the neutral transfer coef-
ficient for heat is fixed at 0.00085.

The surface air temperature T, is calculated to
enable more accurate comparisons with observed
temperatures. T, is calculated, consistently with
the boundary layer parametrisation, to be the
value at the screen height of 2 m.

Further details of the implementation of the
physical parametrisations, including the time
integration, appear in McGregor et al. (1993).

Simulations with CSIRO9

Specification of prescribed ocean heat transport

For the CSIRO9-MLO model the prescribed
ocean heat fluxes, Q, were calculated using the
method of Wilson and Mitchell (1987) from a 10-
year simulation of the GCM in which the sea-
surface temperatures (SSTs) were interpolated
from the monthly fields of the Bottomley et al.
(1990) climatology for 1951-1980. At each ocean
point the mean heat flux was calculated for each
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month, as required to balance the net energy flux
into the ocean surface and the required rate of
energy storage for a S0 m MLO. The monthly
means of this flux over the ten years were used as
Q in the subsequent runs in which the SST (given
by the mixed-layer temperature) responded to the
sum of the modelled surface energy flux and Q.
Under ice Q was replaced by the usual basal heat
flux. The heat flux was assumed to be zero at
points from which ice retreated in a warmer cli-
mate. An accurate giobal and annual mean TOA
radiative balance in the simulation, and the
energy-conserving model atmosphere, ensured
that the global and annual mean of the Q field is
close to zero (—0.1 W m~2 in fact). The annual
mean Q field and some other fields from the 10-
year simulation were shown in McGregor et al.
(1993).

The ocean heat flux calculated in this way does
not accurately represent the effects of realistic
ocean heat transport because the simulated sur-
face energy fluxes contain inaccuracies. For
instance, in comparison with values estimated by
Esbensen and Kushnir (1981), the model under-
predicts the net surface energy flux into the trop-
ical oceans by typically 20 W m~2. In addition,
the prescribed ocean heat transports do not
respond to interannual variations of the surface
conditions.

Present and doubled CO, simulations
The present and doubled CO, climatologies pre-
sented here are taken from the final 30 years of the
two simulations performed with the CSIRO9-
MLO model, each taking as its initial condition
the final state of the previously mentioned ten-
year run. A period of equilibration was required
forboth runs, as seen in the smoothed global mean
surface temperature (T,) time series shown in Fig.
1. A global mean warming of 0.5°C occurred dur-
ing the first nine years of the 1 X CO, run. The
warming of the SST was largest (up to 1.5°C) near
the sea-ice edges. The mean ice area decreased by
12 per cent but remained a little larger than
observed values. Global and annual means from
the model climatologies are compared with
observed values in Table 1. The mean T, reflected
SW and outgoing long wave radiation (OLR) at
TOA were all close to observed values (Table 1).
In the doubled CO, run the mean temperature
approached equilibrium exponentially, with an e-
folding time of around 6.3 years. This allowed
98.6 per cent equilibration after 27 years, when
the averaging period was commenced. This e-
folding time is shorter than the nine years of Wil-
son and Mitchell (1987). The globally averaged
annual mean surface flux anomaly from the first
year after doubling CO, was 3.5 W m™~2, This is
approximately energetically consistent with the
final warming, given the e-folding time and the
mean heat capacity of the surface (dominated by
the ocean) of 1.5X 108 J m~2 K™,

Fig. 1 Global mean surface temperature during the
1 X CO,and 2 X CO, climate simulations. A 12-
month running mean has been applied.
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The global and annual mean surface warming
attributed to the doubling of CO, is 4.8°C. The
mean TOA reflected short wave radiation (SW)
decreased by 6.4 W m~2(see Table 1). The result-
ing increase in net SW at TOA was approximately
balanced by an increase in outgoing long wave
radiation (OLR, Table 1). This implies that the
net flux through the lower surface remains very
small (0.5Wm~2 upwards in 1XCO,, and
0.3 W m~2upwards in 2 X CO,) and hence we can
be confident that the warming has not been sig-
nificantly affected by any spurious energy sources
or sinks. '

The 1 X CO, climatology

The basic fields of the 1 X CO, climatology, pri-
marily December to February (DJF), June to
August (JJA) and annual means, are considered in
this section. The monthly means of modelled
surface fields were calculated from half-hourly
values. Modelled atmospheric fields were aver-
aged from six-hourly data, after interpolation to
nine pressure levels (given by the sigma levels
multiplied by 1000 hPa). The 30-year averaging
period of the simulation results in little uncer-
tainty in these fields, particularly for the zonally
averaged seasonal means which are featured
here.

The modelled fields are compared with obser-
vations from a variety of sources in the following
subsections. Atmospheric fields are compared
with averages of 0000 UTC and 1200 UTC unin-
itialised analyses for 1985-89 from the European
Centre for Medium Range Weather Forecasts
(ECMWEF). Some uncertainty can be expected due
to this record being of less than climatic (30 year)
length. Some systematic errors in the data, par-
ticularly the tropical wind and humidity data, are
also to be expected, as will be discussed.

ES
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Table 1. Global and annual mean values of basic quantities.

Quantity Observed 1 ?(COZ 1XCO,
T, K 2882 288.5 +4.8
T, K 287.6° 287.8 +4.8
Land T, K 282.8b 282.8 +59
Tam K 251.3¢ 250.1 +3.4
Water column mm 25.8¢, 25.34 23.6 +7.3
Precipitation mm day ™! 2.7¢, 3.1b 3.01 +0.32
Total cloud % 431 638 54.1 -1.8
- TOA reflected SW Wm™2 1052 104.4 —6.4
OLR Wm™? 237° 238.0 +6.2
Cloud forcing W m~™2 —17" —18.2 -1.5

a Ramanathan et al. (1989); b Legates and Willmott (1990a, 1990b); c ECMWF (1985-9, see text); d Trenberth (1981); € Jaeger
(1976); f Susskind et al. (1987); g ISCCP dataset (Rossow et al. 1985; NASA 1992); h (approximately) Harrison et al.

(1990).

Table 2. Global mean biases between time-mean (DJF and JJA) fields for 1 X CO,. RMS error for both the zonal mean
fields and the full fields also shown. The biases relate to observed fields described in the text. The subscript 500

indicates 500 hPa.

Water . Total
T, Tspo , SLP Precip RH sy,
K K colurn ms~! hPa mmday™! % clooud
mm %
Global mean biases
DJF —-0.1 -3.2 -2.5 0.5 0.9 —-0.6 13.3 —-74
JIA 0.8 —-2.6 -2.7 0.4 0.5 0.2 12.3 —10.1
annual 0.2 —-2.7 —2.2 0.5 0.7 —0.1 13.7 —8.4
Zonal mean rms errors
DJF 1.8 34 3.8 2.7 34 1.2 15.7 17.4
JJA 2.0 2.7 3.9 2.2 1.9 1.1 14.1 15.7
annual 1.5 2.8 33 1.8 2.5 0.6 159 15.9
Full field rms erorrs
DJF 3.7 3.5 5.1 3.9 4.6 2.4 18.6 23.5
JJA 39 3.0 6.1 3.7 4.3 2.6 17.9 22.7
annual 33 2.9 4.7 2.9 3.6 1.6 17.6 21.0

For economy of presentation, only selected
time-means of the fields are shown. However, we
will use the root mean square (rms) error as a con-
cise measure of difference between spatial fields.
Global mean biases and rms errors of zonal mean
fields are also given in Table 2. An indication of
the uncertainty in these values due solely to the
shortness in the ECMWF record can be obtained
by comparing them with values obtained using
means over each five-year period from the
1 X CO, simulation. Note that variability
between five-year fields due to oceanic dynamics
is not simulated and would contribute further
‘uncertainty. In any case, changes to the numbers
in Table 2 on replacing the 30-year field with a
five-year field are typically small. Global means

are unchanged within the precision shown, while
zonal mean and full field errors vary by less than
five per cent. The zonal mean and full field rms
differences between five-year.and 30-year simu-
lated climatologies are typically only 10 per cent
of the errors in Table 2. It is easily shown that in
such a case an rms error will only be significantly
changed if the (relatively small) difference field is
correlated with the error field, and this is
unlikely.

Qualitative comparisons between the 1 X CO,
fields and those simulated by other models will be
offered. The paucity of previously published
errors prevents a simple comparison of skill
between models.
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Surface air temperature

"From Table 1 we see that the modelled global
mean surface air temperature T, is 0.7°C cooler
than the mean T, The difference between the
mean T, and mean T varies with season and sur-
face type, although it remains within 2°C at nearly
all locations. Here we compare T, with observed
values from Legates and Willmott (1990a). For
consistency the average of the mean daily
extremes from the simulation are used.

As seen in Fig. 2, the largest errors occur at high
surface altitudes and at high latitudes. The small
errors over the ocean are consistent with the small
drift in SST during the 1XCO, equilibration
period and the generally small differences
between the SSTs specified in the ten-year run and
the observed fields used here. The rms error of the
differences depicted in these maps is given in
Table 2. Zonal mean temperatures over land
between 45°N and 75°N are about 5 K too warm in
JJA, but are 5 K too cool around 30°N in DJF (in
part due to the apparent bias over Tibet). The
increase in error as spatial averaging is reduced,
from global means to zonal means and to the full
field, as given in Table 2, is pronounced.

Fig. 2 Seasonal mean surface air temperature T,
1 X CO, minus observed (°C) for (a) DJF and (b)
JJA (hatching for <—2°C, stippling for
>2°C).

2290

Atmospheric temperature

The simulated zonally averaged annual mean
atmospheric temperature field is shown in Fig.
3(a). The difference from the ECMWF analyses
(Fig. 3(b)) shows that the model has a cold bias of
2 K to 4 K over much of the troposphere. This is
reflected in the coolness of the (mass-weighted)
mean atmospheric temperature (T, in Table 1)
and the mean bias in the 500 hPa field (Table 2).
The modelled mean lapse rate near the surface is
larger than that observed. The cause of these
errors, seen also in‘other models (Boer et al. 1992,
hereafter B92), remains uncertain. Errors in mean
temperature of both signs occur at high latitudes
and in the poorly resolved stratosphere. These
errors reach larger values in seasonal means.
Nevertheless the rms errors at 500 hPa are slightly
smaller than those for T, (Table 2).

Sea-level pressure

The sea-level pressure (SLP) fields for DJF and
JJA are shown in Fig. 4. The fields generally
compare well with analyses for 1985-89 from
ECMWF (not shown), with rms errors around

Fig.3 Zonally averaged annual mean atmospheric tem-
perature (°C) for (a) 1 X CO,, (b) 1 X CO, minus
observed, with positive values stippled.

(a)

latitude






