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The effects of changing model horizontal resolution on the precipitation simulated
for southeast Australia is investigated using two different climate models offering
three different spatial resolutions. The NCAR CCM1 is used at R15 resolution (4.5°
latitude by 7.5° longitude) to perform a three-year simulation and at T42 resolution
(2.9° X 2.9°) to perform a six-year simulation. A limited area climate model, the
MMA4B, driven by output from the NCAR CCM1 R15 simulation has also been used
at a 70 km resolution to simulate six selected wintertime precipitation events span-
ning a total of 21 days. It is found that the NCAR CCM1 T42 simulation provides
good large-scale precipitation patterns, and that the MM4B produces the most
accurate regional detail. It is suggested that to investigate continental-scale pro-
cesses, AGCMs need to use a horizontal resolution which approximates or is finer
than 3° X 3°, For the investigation of climate impact or land-surface change at the
regional scale, a 70 km resolution, achieved by embedding a mesoscale model within
an AGCM, seems to provide considerable potential. However, it will probably be
necessary to incorporate a sophisticated land-surface scheme within both the global
and mesoscale models if precipitation and surface hydrology are to be simulated

realistically.

Introduction

Concern about the consequences of increasing
carbon dioxide and other trace gases has
prompted demands from policy makers and plan-
ners for regional-scale predictions of surface and
near-surface climatological and hydrological vari-
ables. Some of these, such as temperature, can be
derived reasonably well from the present gener-
ation of climate models which have a typical
spatial resolution of 300-500 km. Other climate
variables, such as precipitation and run-off, are
spatially heterogeneous and highly dependent
upon orography, land use, vegetation type, soil
type etc. There is now an urgent requirement to
develop a methodology for regional-scale climato-
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logical predictions of surface hydrology which can
simulate the dependence of precipitation on these
factors. This requirement is particularly acute in
drought-prone areas such as the southwest United
States and southeast Australia.

With Atmospheric General Circulation Models
(AGCMs), an increase in spatial resolution of at
least an order of magnitude in both latitude and
longitude is required to capture meteorological
systems of regional importance. This increase in
horizontal resolution would require about a thou-
sand-fold increase in available computational
power. In addition, a land-surface parametris-
ation scheme to couple the surface and atmos-
pheric hydrological processes would have to be
included in the climate model. The latter are
available (e.g. Sellers et al. 1986; Dickinson et al.
1986; Cogley et al. 1990) but are not yet incorpor-
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ated into standard versions of AGCMs. However,
it will be many years before an AGCM can be
routinely integrated at a 70 km X 70 km resol-
ution implying that other methodologies are
required to simulate the impacts of climate
change at high spatial resolutions in the mean-
time.

In order to test the potential of increasing
horizontal resolution in climate models for im-
proving the continental-scale simulation of
hydrological variables, we compare, in this paper,
the sensitivity of model predictions of Australian
July precipitation to two methods of increasing
the spatial resolution: (a) maintaining the global
domain but with different prescribed resolution;
and (b) embedding a limited area climate model
within a global model. Preliminary note is also
made of the effect of incorporating a complex
land-surface parametrisation within two of the
three model simulations performed.

We have analysed and compared July precipi-
tation for southeast Australia derived from the
three models described below. The AGCM used
here is well known, but the limited area climate
model, embedded into an AGCM, is a new and
exciting approach. The methodology for usmg the
limited area climate model is described in some
detail since this is the first time this approach has
been used to simulate the precipitation-patterns
over southeast Australia. It should be emphasised
that the experiments described here are an initial
attempt to test the potential of this type of model
for climate prediction in the Australian environ-
ment. There is no attempt to simulate specific
obsefved events and this paper does not describe
attempts to forecast weather. The experiments
described here are analogous to the standard cli-
mate model predictions, but over a limited spatial
domain.

In the next section, the models used in these
experiments are described. Following this, the
simulation of southeast Australian precipitation
patterns by the models is assessed.

. The climate models

Community Climate Model, version 1 (CCM1)

The National Center for Atmospheric Research
(NCAR) Community Climate Model (CCM) is a
three-dimensional AGCM based, in part, on the
Australian spectral AGCM described by Bourke
et al. (1977), although the current version of the
CCM differs significantly from this model, es-
pecially in terms of the radiative parametrisation
(Ramanathan et al. 1983). The model is global in
domain with primitive equations formulated in a
spherical coordinate spectral space and in finite
grid vertical layers employing the o coordinate
system. The version used here incorporated 12
vertical layers. Physical processes parametrised in
the standard version of the model include convec-
tion and condensation; bulk acrodynamic formu-

lation of the surface fluxes of sensible and latent
heat; interactions with subgrid-scale motions
through horizontal and vertical diffusion; a
bucket hydrology; and an interactive treatment of
both convective and nonconvective cloud. Sea-
sonally varying sea-surface temperatures, snow
cover and sea-ice distributions are prescribed.
Williamson et al. (1987) provide a complete de-
scription of the standard version of the model.
Two simulations have been obtained which
were performed using the CCM1. A three-year
simulation (hereafter CCM1R) incorporated the
Biosphere Atmosphere Transfer Scheme (BATS)
developed by Dickinson et al. (1986) rather than
the bucket hydrology scheme which is standard in
the CCM1. This simulation used a spectral trun-
cation (rhomboidal spectral harmonic truncation
at wave number 15, hereafter R15) equivalenttoa
horizontal grid size of approximately 4.5° latitude
by 7.5° longitude (Williamson et al. 1987). We
chose this simulation from other CCMI1 inte-
grations at R15 because it incorporated the BATS
model and hence represented the surface heat and

- moisture budget more realistically. This is likely

to be of importance in longer simulations using
the limited area climate model. It also means that
the AGCM climatology described here is probably
more appropriate for these experiments than a
climatology produced by the standard version of
the CCMI1 since both this simulation and those
produced using a limited area climate model in-
corporated BATS.

A simulation using the CCM 1 with a triangular
truncation at wave number 42 (T42, hereafter
CCMIT) was also performed. A six-year clima-
tology has been produced using this model, which
incorporated the standard bucket-type hydrologl-
cal parametrisation. T42 resolution grid size is
approximately 2.9° X 2.9°. This is the only clima-
tology available at T42 resolution from the
CCM1.

As with all modern AGCMs, the general circu-
lation of the atmosphere is reasonably well simu-
lated. Henderson-Sellers (1990) showed for Aus-
tralia at R15 resolution that, at the continental
scale, the representation of the land-surface cli-
mate was reasonable for a model of this coarse
resolution.

Pennsylvania State/NCAR Mesoscale Model
version 4 (MM4)

The MM4, described by Anthes et al. (1987), has
been used at NCAR to develop a regional ap-
proach to global climate change. This approach
has been to increase the model resolution over a
specific area of special interest. The increase in
resolution can be achieved either by employing
variable resolution grids, or via a technique gen-
erally referred to as nesting or embedding. With
this technique, a high resolution model of a lim-
ited area (sub-continental scale) is embedded into
a lower resolution model (in these experiments,
the lower resolution model being the NCAR
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CCM1). The embedding procedure is strictly one-
way, in that the AGCM affects the embedded
model, but the embedded model has no effect on
the AGCM. The low resolution model simply pro-
vides the boundary conditions required to drive
the embedded model. The type of limited area
model used here is usually integrated at horizontal
resolutions of 10-100 km with domain sizes of
10002-50002 km?2 and a time step of 10-200 s
(Dickinson et al. 1989).

Several embedded limited area models have
been developed over the last decade (Pielke 1974;
Staniforth and Mitchell 1978; Sharma et al. 1986;
Zhang et al. 1986). However, these have generally
been used for weather forecasting and for studying
the dynamics of mesoscale circulation systems
(Giorgi and Mearns 1991). The approach taken at
NCAR has been to develop embedding tech-
niques for climate study and it is this type of
approach which is the subject of this paper. The
nesting of limited area models into AGCMs for
climate studies is entirely new. The basic strategy
is that the coarse resolution AGCM simulates the
response of the general circulation to global-scale
forcing. The fine resolution limited area model
accounts for the mesoscale, sub-AGCM grid-scale
forcing on the atmospheric circulation and distri-
bution of climatic and hydrological quantities
over the selected region.

Limited area models were originally designed
for very short (1-5 day) simulations of individual
weather events. The application of these models
to climate studies means than much longer simu-
lations are necessary. Giorgi and Bates (1989)
showed that month-long runs were feasible. They
indicate that the solution in the interior of the
domain quickly reached dynamic equilibrium
between the information entering the lateral
model boundaries and the internal model physics.
This prevents model errors from growing after the
first 1-2 days (Giorgi and Bates 1989). The rela-
tive importance of the internal model physics is
comparatively low close to the edge of the model
domain, but increases away from the edge in the
presence of strong local forcing.

In the experiments discussed here, a version of
the MM4 is used (denoted MM4B because it
includes BATS). This model incorporates the
basic dynamical structure described in Anthes
and Warner (1978) together with a number of
additional elements making the MM4B model
rather more complete (Dickinson et al. 1989;
Giorgi and Bates 1989). The version of the model
used here incorporates the detailed radiative
transfer parametrisation of the CCM 1 (Kiehl et al.
1987), the BATS land-surface model and a
medium resolution boundary-layer representa-
tion (Blackadar 1979). A Kuo-type cumulus cloud
scheme (Kuo 1974; Anthes 1977), which allows
instantaneous precipitation of condensed water in
stable environments, is also incorporated.

The CCM1R and MM4B have evolved over the

last decade. They have been widely used, es-
pecially in North America, and are well docu-
mented. The CCMI1R has generally been used for
climate simulations of monthly to multidecadal
time-scales whereas the MM4B has generally been
used for the study of short (10-30 day) time-scales
(e.g. Dickinson et al. 1989; Giorgi and Bates 1989;
Giorgi 1990; Giorgi et al. 1990). Most of the simu-
lations using MM4B have been performed for the
west coast region of the US, but the experiments
described here are an extension of the approach to
southeast Australia, while Giorgi et al. (1990)
have described simulations for Europe.

Coupling the MM4B to the CCM1R

In the experiments described here, large-scale cir-
culation patterns generated by the CCMI1R were
used to drive the MM4B to produce a high resol-
ution regional precipitation distribution for
southeast Australia. The embedding of the MM4B
into the CCMIR is described below.

The embedding procedure. The procedure for per-
forming an integration using the MM4B, em-
bedded into the CCMIR, is shown in Fig. 1. In
order to perform simulations using the MM4B,
the initial and time-dependent lateral boundary
conditions for wind, temperature, surface press-
ure and water vapour have to be provided for the
selected domain. In the embedding technique
adopted here, the initial and time-dependent lat-
eral boundary conditions are interpolated from
the spatially coarse CCMI1R output. Thus the
state of the atmosphere surrounding the domain
shown in Fig. 2 is specified every 12 hours from an
earlier simulation by the CCM1R. The state of the
atmosphere within the domain is determined by
the physics of the MM4B. This is a one-way nest-
ing procedure, i.e. any modifications the MM4B
model made to any variables do not feed back into
the CCM1R.

In the selection of the limited area domain, two
requirements have to be satisfied. First, the
domain has to be large enough to allow model pro-
duced mesoscale circulation to develop, and to
prevent the driving, coarse-scale, lateral boundary
conditions from dominating the solution over
areas of interest in the interior of the domain.
Dickinson et al. (1989) showed that a minimum
domain size of 3000 km X 3000 km generally
meets this requirement. Second, the model resol-
ution has to be high enough to capture the main

features of regional forcing due, for example, to

topography or land use. Both these requirements,
however, are ultimately controlled by the avail-
ability of computational resources. The MM4B
domain chosen here covers southeast Australia
and the adjacent oceans with a grid-point spacing
of 70 km. Figure 2 shows the position (centre) of
grid points for the CCM1R and MM4B for the
domain chosen. It is clear that the MM4B is at
very much higher resolution, but Fig. 2 also indi-
cates the coarseness of the R15 resolution.
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Fig. 1 Flow diagram of the steps involved in linking a
limited area climate model into an AGCM. This
diagram is with particular reference to the
MM4B and the CCMI1R.
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The interpolation from the CCMIR to the
MM4B grid is accomplished via a standard bi-
linear procedure in the horizontal dimension,
while in the vertical the interpolation is linear in
pressure for the wind components and relative
humidity and linear in log (pressure) for temper-
ature. The MM4B nesting is performed by using a
one-way procedure. Wind components, tempera-
ture, surface pressure, and water vapour mixing
ratio are interpolated for a pre-selected time per-
iod of simulation from the CCM 1 output onto the
MMA4B grid. The fields are only available from the
CCM1 at 12-hourly snapshots. The interpolation
is bilinear in the horizontal for all quantities,
while in the vertical it is linear in pressure for

* wind and relative humidity and linear in log

(pressure) for temperature. In areas where the sur-
face elevation of the MM4B is different from that
of the CCM1, wind and relative humidity are
assumed to be equal to those of the closest CCM 1
level, and a lapse rate of 6.5 Kkm~! is assumed
for temperature.

The first set of fields obtained from this in-
terpolation is used as initial conditions for the
MM4B. The time-dependent lateral boundary
values of wind, temperature, surface pressure and
water vapour needed to drive the MM4B are then
obtained at every MM4B time step (100s)
through a linear interpolation in time from the 12-
hourly CCM1 output projected on the MM4B
grid. These are provided to the MM4B using the
relaxation method described in Anthes et al.
(1987), which employs a Newtonian and a diffu-
sive term applied on the outermost four grid-point
rows of the domain. The effect of these terms is to
drive the model solution near the boundaries
smoothly towards the specified boundary values
with a relaxation time of the order of ten times the
model time step. This relaxation boundary con-
dition technique is commonly used for MM4B
applications and has been shown to effectively
damp model errors produced at the boundary
(Davies and Turner 1977). It is far too computa-
tionally expensive to integrate the MM4B concur-
rently with the AGCM. However, the use of the

~12-hour updating method has been examined
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with respect to other simulations by the MM4B
for west coast US and the methodology appears to
be robust (see Giorgi and Bates 1989).

Note that the model solution in the four outer-
most grid-point rows is dominated by the bound-
ary condition errors, which act directly there,
rather than by the internal model physics (Errico
and Baumhefner 1987). As a consequence, diag-
nostically-calculated variables, such as precipita-
tion, which depend on the model physics, may not
have realistic values near the boundaries and thus
may show strong gradients. These, however,
should not greatly affect the model solution in the
interior of the domain because their effect is
overwhelmed by the Newtonian and diffusive
boundary condition terms. In general, the model
solution in the interior of the domain is deter-
mined by a dynamical equilibrium between the
internal model physics and the information
propagating from the boundaries. At a given loca-
tion, this equilibrium depends on the proximity to
the boundaries, the rate of advection from the
boundaries, and the strength of the local forcing
(Errico and Baumhefner 1987).

The sea-surface temperatures for ocean areas

within the MM4B domain are also obtained by
interpolation from the corresponding CCMIR
field (ground temperature). For the simulations
described here, this was done after spectral expan-
sion at R15 resolution, in the same way as for the
other variables. Since the spectral expansion
smooths land temperatures into the oceans this
procedure introduces a significant error near the
coasts. An analysis of the sea-surface temperature
fields interpolated from the MM4B grid suggested
that this error did not exceed 2K while sensitivity
experiments investigating the importance of this
error did not show significant effects on the pre-
cipitation patterns over land.
Radiation. In order to link the two models, the
CCMI1 standard radiation scheme (Kiehl et al.
1987) was incorporated into the MM4B. This
scheme simulates atmospheric heating rates and
surface fluxes for solar and infrared radiation,
under clear and cloudy sky conditions. The
scheme splits the solar spectrum into two bands at
0.7 pm. The clear sky computations follow the
parametrisation of Lacis and Hansen (1974) and
include Rayleigh scattering and absorption by O3,
H>0, CO; and O,. The cloudy sky scheme incor-
porates a sophisticated parametrisation of cloud
albedo. Infrared radiative transfer calculations
include contributions of CQO;, O3, H»O and
clouds, where the clouds are treated as grey bodies
with an emissivity depending on the vertically
integrated cloud water content.

In the CCM1, clouds are formed whenever con-
densation and precipitation occur. In the MM4B
clouds are predicted to form whenever the relative
humidity exceeds 80 per cent (Giorgi and Bates
1989). The CO; and O3 distributions are speci-
fied.

Land-surface and boundary-layer physics. To rep-
resent land-surface processes, both the CCMI1R
and the MM4B were coupled to BATS (Dickinson
et al. 1986). In BATS the temperature and water
content of a surface (~0.1 m deép) and a deep
soil layer (~ 1 m deep) are predicted. The model
calculates exchanges of radiative, sensible and
latent heat between the soil surface and the atmos-
phere, heat release by water phase transitions, and
diffusive exchange of heat and moisture between
the surface and the deep soil. In the presence of
vegetation, foliage and canopy air temperatures
are calculated via an energy balance equation
which includes transpiration and evaporation of
moisture intercepted by the canopy. The soil
moisture regime is driven by precipitation, ca-
nopy drip, evapotranspiration, surface and
ground water run-off, and diffusive water ex-
changes between soil layers. Snow depth is pre-
dicted from precipitation, rate of sublimation and
melting. Wilson et al. (1987a,b) and Dickinson
and Henderson-Sellers (1988) showed that BATS
simulates the surface energy balance of a variety
of ecosystems realistically. Note that only the
CCMIR and the MM4B simulations included
BATS. The CCMIT simulation incorporated a
bucket hydrology formulation.

In addition to BATS, a medium resolution
boundary-layer model was implemented in the
MM4B incorporating four levels in the lowest
1.5km of the model atmosphere (Blackadar
1979). This, combined with BATS, means that the
MMA4B represents the interaction between surface
physics and atmospheric physics in particularly
sophisticated ways. This model is therefore ideal
for the prediction of the effects of climate changes
at limited spatial scales.

Initialisation of land-surface fields

The land-surface fields used by the CCMIT,
CCMIR and MM4B have to be specified at an
appropriate resolution for the specific model. In
this section the initialisation of topography, veg-
etation, soil texture and soil colour are briefly
discussed. The approach to the land surface in the
limited area model needs discussion because the
MMA4B is intended for use in climate simulations.

_ The preliminary experiments described here were

intended as a test of the potential value of the
MM4B for simulating southeast Australian pre-
cipitation patterns. In subsequent simulations the
parametrisation of the land surface will become
increasingly important.
Orography. The surface topography in the CCM1
is derived from data by Smith et al. (1966) which
consist of orographic heights averaged over 1° X
1° latitude—longitude grid cells. The MM4B top-
ography is obtained from a 0.5° X 0.5° Navy data
set (Anthes et al. 1987).

At the coarse resolutions of the CCMIR it is
difficult to retain an adequate representation of
the surface orography so that important orogra-






