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A series of 30-day integrations was conducted with the BMRC global spectral
model to test the sensitivity of the model’s systematic temperature and moisture
biases, and the simulated mean climate to changes in the physical parametrisations
associated with convection and vertical diffusion. The moisture bias in the model
was dramatically improved by the introduction of the Tiedtke shallow convection
scheme. There was some decrease in the cold bias for tropical regions with the
change to stability dependent vertical diffusion, but a strong cold anomaly persisted
in mid-latitudes. The experiment with these refinements in the physical
parametrisations generally showed better agreement in the tropics with observed
climatologies of precipitation, velocity potential and zonal wind than the control
experiment.

Another of the options considered was to emulate some aspects of the Kuo scheme as
used in the Bureau’s operational Australian region model. In this case a relatively
smaller percentage of total rainfall was associated with penetrative convection and
the systematic biases and mean fields were more similar to the control than the

‘refined physics’ experiment.

Introduction

It is well known that the current atmospheric
prediction models show systematic biases when
compared to observed climatologies. The BMRC
spectral model is no exception. This model, which
is used operationally for southern hemispheric
data assimilation and prediction by the Bureau of
Meteorology’s National Meteorological Centre,
develops a cold bias in most of the troposphere
and tends to dry out the middle and upper
troposphere. Such systematic biases are signifi-
cant not only in the prediction phase, but also for
analyses of data when model predictions are used
as the first guess field. In data sparse areas model
biases may become significant in operational
analyses and even in data areas have influence
through the optimum interpolation which yields a
weighted sum of observations and first guess
fields.

These systematic biases are usually attributed
to deficiencies in the physical parametrisations
used in the model, with the prime suspects being
the parametrisation of radiative and convective
processes. Both these aspects are the subject of
considerable research and
(1984a) examined the impact of several convec-
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tion schemes on the mean fields produced by
extended integrations of the ECMWF model.
Frank (1983) and Tiedtke (1987) present reviews
of the variety of approaches being adopted to
parametrise convection.

These approaches include modifications to the
commonly used Kuo convection scheme (Kuo
1974), the parametrisation which in slightly
different forms is used in the Bureau’s operational
hemispheric and Australian region models. A
program of intercomparison of radiation codes is
under way, with preliminary results for the
long-wave component presented by Luther
(1984). Attention is also being given to the
diagnosis of cloud which is the dominant modu-
lator of the radiation fields (e.g. Slingo 1987).
These physical processes are linked by a variety of
feedback mechanisms and it is not generally
possible to treat them in isolation. Tiedtke
(1984a) found that the impact of changes in the
convection scheme depended on the coupling of
the diagnosed convective cloud amounts to the
radiation scheme. Tiedtke (1984b) and Mohanty
et al. (1985) showed that a parametrisation of
shallow convection had considerable impact on
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the mean temperature, moisture and precipi-
tation fields in the ECMWF model, which had
displayed similar biases to the BMRC model.

In the present study a series of thirty-day
integrations with the BMRC spectral global
model has been conducted to test the sensitivity of
the mean model fields (model short-term ‘cli-
mate’) to modifications of the convective and
vertical diffusion schemes, including a shallow
convection scheme. A brief description of the
model is given below, concentrating on the
physical parametrisations of convection and
vertical diffusion. Details of the experiments
follow and ‘Results’ considers the impact of the
physical parametrisation changes on the simu-
lated global average hydrology, then the system-
atic biases with respect to climatology as seen in
zonal mean cross-sections, before noting differ-
ences produced in the geographical distributions.
The concluding section summarises the impact of
the changes in the physics package and notes
avenues for further improvement.

Description of the model

General

Details of the formulation of the model may be
found in Bourke ez al. (1977), McAvaney et al.
(1978) and Bourke (1987), while the current
physical parametrisation options are described
more fully by Hart et al. (1988), subsequently
referred to as 1. Briefly, the model uses the
primitive equations cast as prognostic equations
for vorticity and divergence. Additional prognos-
tic equations for temperature, water vapour
mixing ratio and surface pressure and the
hydrostatic relationship complete the system of
equations. The o vertical coordinate system is
employed with 9 unequally spaced levels at ¢ =
0.991, 0.926, 0.811, 0.664, 0.500, 0.336, 0.189,
0.074, 0.009. The domain may be either hemi-
spheric or global and the model equations are
treated using the spectral transform technique,
with the linear part of the dynamics handled
exactly in terms of spherical harmonic functions,
and the non-linear and physical processes com-
puted on a Gaussian latitude-longitude grid.
Rhomboidal truncation is used to define the
range of spherical harmonic functions.
wavenumber 21 resolution is used in the oper-
ational hemispheric assimilation system (HASP),
but to save on computational resources,
Wavenumber 15 resolution was used in the
experiments described here. As noted in I the
systematic biases in temperature and moisture are
essentially the same at both resolutions.

A comprehensive set of physical processes
computed on the transform grid are incorporated
in the model. Most of the formulations described
are derived from the general circulation models of

the NOAA Geophysical Fluid Dynamics Labora-
tory (GFDL). These have subsequently been
modified or augmented by alternative
parametrisations since the documentation in
McAvaney et al. (1978). The Manabe radiation
scheme has been replaced by the
Fels-Schwarzkopf scheme also developed at
GFDL. This uses a version of the Lacis and
Hansen (1974) parametrisation for solar wave-
lengths and the Fels and Schwarzkopf (1975)
approach for the terrestrial component. The Kuo
(1974) convection scheme for the treatment of
penetrative convection has been included as an
alternative to the original moist convective
adjustment, and is discussed in detail below. The
constant transfer coefficients for surface wind
stress and heat fluxes have been replaced with
coefficients dependent on the vertical stability of
the surface layer of the model following the
formulations of Clarke (1970) and Delsol et al.
(1971) but using the analytical form described by
Louis (1979). Similarly an option is available to
replace the constant mixing lengths for vertical
diffusion in the atmosphere with stability depen-
dent coefficients also in the form described by
Louis (1979). The stability dependence is based
on Monin-Obukhov similarity theory and has the
effect of greatly weakening the vertical transfers
from the surface within the atmosphere under
stable conditions and amplifying them in unstable
situations.

The tendencies of velocity V, temperature T
and mixing ratio q due to vertical diffusion may
be expressed as:

9 VT.q = Vp dozlp(K, dV/oz, K, 90/0z, K

ot

0q/0z)] a1
where p represents density, z height and
potential temperature. Ky, K;; and K; are the
transfer coefficients for momentum, sensible heat
and latent heat, respectively.

In the ‘constant mixing length’ form of the
vertical diffusion the transfer coefficients are
defined in terms of mixing length p and the
magnitude of the wind shear by

Kv, KH’ KE = H.Z |3Y/6Z | e 2

In the experiments discussed here p was set at
30 m for 6= 0.5 and zero for ¢ < 0.5.

The stability dependent coefficients are
expressed as:

K, = 22 (o) 16V¥/8z | F, (Ri) ... 3

Ky = Kg = 22 (0) 18¥/8z | Fy; (Ri) ... 4
where the Fy and F,; are functions of the
Richardson number Ri defined as:

Ri=(gAz A 6,)/61AVI2 ... 5
where 0, represents the virtual potential tempera-
ture, Az the thickness of the layer and AV | the
magnitude of the wind shear through the layer.
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Formulae for F,, F,; and #? (o) are given by Louis
(1979) with a value of 100 m used as the
asymptotic mixing length. The stability depen-
dent option is used in the Bureau’s operational
version of the model.

The computation of the surface wind stress and
heat fluxes uses a similar approach. The transfer
coefficient depends on the surface roughness
length and the stability of the lowest layer relative
to the surface, again using the form described by
Louis (1979). A fixed value of 0.17 m is used for
the roughness length over land, with 0.001 m for
sea-ice. Over the ocean the roughness length
depends on the wind speed. A soil wetness factor
is used to crudely parametrise the effect of
antecedent rainfall on the partitioning of the
surface energy flux between latent heat flux
(evaporation) and sensible heat flux. The soil
moisture is updated by the difference between
precipitation and evaporation at each timestep,
up to a field capacity limit. Beyond this limit
excess rainfall passes to runoff, although there is
no transfer of water to adjacent grid points. A
simple accounting of snowmelt is also included,
although in the present code there is no feedback
of snow amount to the surface albedo, which over
land is prescribed from the climatological values
of Hummel and Reck (1979). A zenith angle
dependent formulation is used for sea albedo
(Payne 1972). Climatological values for each
season are also used for sea surface temperature,
sea-ice distribution, cloud amounts and optical
properties, and the initial specification of soil
moisture.

Treatment of precipitation and penetrative
convection

The version of the model used operationally in the
Bureau of Meteorology’s NMC uses a form of the
Kuo (1974) scheme to parametrise the rainfall
and the temperature and moisture tendencies
produced by penetrative convection. The stan-
dard treatment of large-scale condensation is
applied after the convection if the relative
humidity exceeds a specified threshold, set at 100
per cent.

The Kuo convection scheme only permits
convection in areas where there is moisture
convergence in the prospective cloud layer.
Specifically,

M= [P (g*-q,,) dp/g <0 .. 6

base old o

where q4 is the mixing ratio after the precipi-
tation stage in the previous timestep and g* is the
updated value as a result of subsequent dynamical
and physical processes, including horizontal and
vertical advection, surface evaporation and verti-
cal diffusion. The prospective cloud base and top
are determined by a test for vertical instability on

the equivalent potential temperature assuming
saturated conditions (6%). Moisture convergence
M is partitioned into a fraction b which remains
as stored moisture and the fraction (1-b) which is
assigned to precipitation. Corresponding tem-
perature and moisture increments at each level
are given by:

AT, = L/C, (1-b) M (T, - T j?:;e (T,

- T,)dp/g) b oo 1
and Aq, = bM (q(T,) - q (TY)/(/ t‘;f (g, (T -
q (T, )dp/g) ... 8

where q, (T) represents the saturation mixing
ratio at temperature T, L the heat of vaporisation
and T, represents the cloud temperature profile
taken to be a moist adiabat. The effect of Eqns 7
and 8 is a mixing of environmental air and the
moist adiabat of the cloud, rather than a sudden
adjustment to neutral conditions as in moist
convective adjustment. The saturation mixing
ratio q, in Eqn 8 is taken at the unadjusted
environmental temperature rather than the cloud
temperature to ensure that no supersaturated
layers are produced by the adjustment.

The highest cloud top allowed is level 8 (¢ =
0.074) and each cloud layer is required to occupy
at least two model levels. There may be more than
one cloud layer in each vertical column. Other
parameters which may be specified are the lowest
cloud base permitted (set to 2 in this study) and
the threshold relative humidity at cloud base (set
to 0.9).

The specification of the parameter b has been
the subject of considerable discussion in the
literature (e.g. Anthes 1977; Krishnamurti et al.
1980). In the control experiment here, b was set to
zero as in the current NMC operational version,
such that all the moisture convergence is con-
densed as precipitation and the mixing ratio
values revert to the q 4 values with no moisture

- re-distribution in the vertical. The form of b

suggested by Anthes (1977) is

b= (1 - <RH>n/(I-RH,) <RH> = RH,
= 0 <RH> < RH,

where <RH> is the mean relative humidity in the
cloud layer and RH_ is a threshold value. The
scheme adopted here is as currently used in the
ECMWF model with n=3 and RH_= 0. Moisture
storage is greatest when the ambient relative
humidity is least.

The Kuo convection scheme used in the
operational Australian region model (Leslie et al.
1985) follows Hammarstrand (1977) and differs
in some respects from that used in the spectral
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model. The coded version uses moisture conver-

gence computed from vertical moisture advection
in the boundary layer, although integration over
cloud depth is defined in Leslie ef al. (1985). The
concept of a cloud parcel following a moist
adiabat is similar, although differing in detail.
The level of the cloud base is computed by
carrying out dry adiabatic ascent starting from the
near surface layer and the Hammerstrand par-
titioning of the moisture convergence into storage
and latent heat release is used. In this procedure
the temperature and moisture increments are
represented as:

ATk=a(Tc‘k—Tk) PN 10

Aqy =fa (g — Qi) N B |

with a = L/(BQ, + Q,) 12

where Q, = [P C(T. - T) dp/g ... 13
top

andQ, = P*°L(g.-qydplg ... 14
top

I'is the moisture convergence and B (setto 0.1)isa
parameter which affects the partitioning of the
moisture convergence between heating and
moistening. Comparison of this formulation with
that described above for the spectral model
version shows that the moistening factor b used
above is given by:

b=1—Q2/(Q2+BQ|) ... 15
As in the Anthes procedure, the moistening will
be largest for the driest cloud layers (Q, large).

Shallow convection

It was known that the model had systematic
problems in the treatment of moisture, with
over-concentration at low levels and drying out in
the mid-troposphere. An associated effect was
unrealistic large-scale precipitation from the
lowest levels. These signatures are very similar to
those identified by Tiedtke (1984b) in the
ECMWF model which also uses a combination of
Kuo convection and stability dependent vertical
diffusion. Tiedtke’s suggested remedy was to
include a parametrisation for shallow convection,
a process not catered for in the schemes designed
to treat penetrative convection. He noted
observational work that had been undertaken on
the maintenance of the trade wind inversion by
non-precipitating shallow cumuli which penetrate
through the inversion and evaporate there, while
mixing dry warm air from above the inversion
into the cloud layer below. His parametrisation of
this process was simply to enhance the vertical
diffusion of temperature and moisture at
locations with low-level potential instability and
adequate relative humidity. As in the case of
penetrative convection the effect of convection
on momentum is neglected.

A version of this scheme was prepared for
evaluation in the model following Tiedtke
(1984b). Shallow convection was applied in cases
where the lowest level of the model was
conditionally unstable relative to either the
second, or to both the second and third layers.
The relative humidity of the lowest layer was
required to exceed 75 per cent, the approximate
value for cloud base to occur below the second
level for a parcel lifted from the lowest model
level. In such cases, the diffusion coefficients Ky
and K¢ (Eqn 4) are set to a constant value of 25 m2
s-! in the cloud layer. This adopted value for the
diffusion coefficient represents quite strong stir-
ring of the lowest layers where it is applied. It may
be stronger by several orders of magnitude than
the corresponding coefficient in the stability
dependent case, but comparable with that of the
constant mixing length value under strong wind
shear conditions.

Experiment details

The experiments consisted of a series of 30-day
integrations of the global spectral model wi*h
differences in the convection and vertical d.i-
fusion components of the physical package dis-
cussed above. The initial condition in each case
was day 30 of a previous integration with basically
the options of the control experiment, started
from a global ECMWF main FGGE IIIB analysis
for 22 January 1979. Although the model tem-
perature and mixing ratio biases in zonal averages
are evident in the first few days, the integrations
were continued from day 30 to day 60 to allow
adequate time for the geographical distributions
to become well established. Solar radiation values
used in the integrations represented an average
over the daily cycle and remained constant
throughout at the mean December-February
values; the full radiation calculation was per-
formed every 12 hours.

Temporal average results of the experiments
are compared with the climatological values of
Oort (1983) based on analyses of station data.
These are known to have some deficiences in the
southern hemisphere when compared with
climatologies based on Australian Bureau of
Meteorology operational analyses (Le Marshall et
al. 1985; Karoly et al. 1986) particularly in the
strength of jets in data sparse areas, and conse-
quently in some zonal averages. Zonal mean
pressure-height cross-sections from Qort (1983)
for temperature, mixing ratio, zonal wind
components and meridional stream function are
shown in Fig. 1. The last is a convenient method
of providing a display of both the zonal mean
meridional and vertical velocity in one
diagram.
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Fig. 1 Climatological estimates of zonal mean cross-sections for December-February based on station data for 1958-1973 by Oort (1983).
(a) temperature (K), (b) mixing ratio (g kg-1), (c) zonal wind component (m s-1), (d) meridional stream function (10% kg s-1).
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Both these quantities are very sensitive to errors
and to unequal spacing of observing stations, so
the chart displayed is based on Oort’s indirect
estimates of the mean meridional velocity based
on the angular momentum budget. Vertical
velocities are represented by the meridional
gradient of the streamfunction and meridional
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Details of the five experiments undertaken are
listed in Table 1. The control experiment used the
Kuo scheme as used in the operational model with
the moistening parameter b set to zero, and the
constant mixing length option in use for vertical
diffusion. The first perturbation was to provide
for moistening through a non-zero b using the
Anthes/ECMWF formula discussed above. The
second experiment incorporated the Tiedtke
shallow convection scheme in addition to the
change in the moistening parameter, while the
third referred to subsequently as the ‘refined
physics’ experiment, was similar to the second but
with the Louis stability dependent scheme for
vertical diffusion. The final integration was
aimed at emulating the Australian regional model
Kuo scheme relative to the control experiment.
To limit the number of changes not all the details
of the regional scheme were incorporated. The
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estimate of moisture convergence was confined to
the cloud base and the Hammarstrand closure
equations (10-12) were used but the spectral code
definitions of instability and extent of the cloud
layer were retained. This is not a complete
emulation of the regional Kuo scheme, but is
more a sensitivity test of some of the aspects that
may be modified. This experiment is referred to
as the ‘regional model Kuo’ experiment, although
some changes have since been made to the Kuo
scheme in the regional model.

Table 1. Details of experiments conducted.

Experiment Parameterisations used

Control Spectral model Kuo; b=0; constant

mixing length vertical diffusion.

1. Spectral model Kuo; bto (ECMWF/
Anthes); constant mixing length ver-
tical diffusion.

2. Spectral model Kuo; bfo; constant

mixing length vertical diffusion and

shallow convection.

Spectral model Kuo; bto; stability

dependent (Louis) vertical diffusion

and shallow convection.

‘Regional model’ Kuo; constant mix-

ing length vertical diffusion.

3. *‘Refined physics’

4. ‘Regional Kuo’
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Results

Mean hydrology

The principal function of the convection
parametrisation scheme is to diagnose rainfall
and the distribution of latent heat release. Table 2
shows the global mean precipitation and evapor-
ation rates averaged over the last 20 days of each
integration. During the period there is approxi-
mate balance between precipitation and evapor-
ation. By about day 10 there had been adjustment
to the dry initial condition which had a global
average water vapour content of 16.8 mm, well
below the climatological value of 25 mm (Oort
1983). The control and first experiment resulted
in a further decrease due to a modification which
had been made in the coding of the Kuo scheme
since the integration which originally produced
the initial condition. The other experiments,
particularly those with shallow convection,
reached considerably moister equilibrium con-
ditions. In the shallow convection cases this was
achieved with precipitation rates about 25 per
cent higher than in the control run.

Another significant property is the partitioning
between convective and large-scale precipitation.
Vertical profiles of the heating rates averaged
over all grid points are shown in Fig. 2. The profile
for the control shows maximum heating between
800 and 500 hPa, but the dominant peak in the
‘refined physics’ case occurs at the fourth level (6
= 0.664). The rate of large-scale condensation at
the lowest level is reduced in the refined physics
case. Inspection of the latitudinal distribution
(not shown) shows that such low-level conden-
sation is eliminated in the tropics with shallow
convection.

Results for the ‘regional Kuo’ integration show
a similar structure to the control for total heating
but the proportion of rainfall from the convective
component is much lower than either with control
or ‘refined physics’ integrations, with large-scale
condensation the dominant process. Zonal aver-
ages of precipitation in all cases show the
precipitation at mid to high latitudes is mainly
large-scale, so in the tropics in the ‘regional Kuo’
case there has been a significant transfer from
convective to large-scale rainfall.

Zonal mean latitude-pressure model profiles

Zonally-averaged cross-sections of the 30-day
mean temperature field, with deviations from the
Oort climatology, are shown for the control
simulation in Fig. 3 (a, b). The most noticeable
feature is the cold bias, which except for low levels
in polar regions is quite general. The departures
exceed 6K for most of the middle troposphere,
with peak values exceeding 8K in mid-latitudes of
both hemispheres. Both polar regions show a
warm bias at low levels.

Table 2. Mean global precipitation and evaporation (mm/day)
averaged over the last 20 days of each integration.

Experiment
Control 1 2 3 4
‘Refined 'Regional
Physics’  Kuo’

Precipitation

(mm/day) 294 288 3.66 3.76 3.05
Evaporation
(mm/day) 2.88 2.80 3.69 3.74 2.98
Total water

vapour content

{mm) at end of

integration 148 16.1 20.7 21.1 18.8
Total water vapour content in initial condition: 16.8 mm

Climatological estimate of global mean precipitation for
December-February (Jaeger 1976): 2.7 mm/day

Fig. 2 Vertical profiles of the heating rate (K/day) averaged over all grid points for latent heat release by total precipitation (solid line) and
convective precipitation (dashed line): (a) control experiment, (b) ‘refined physics’ experiment, and (c) ‘regional Kuo’ experiment.
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Fig. 3 Zonally-averaged cross-sections of 30 day mean fields for the control experiment. (a) temperature (K), (b) deviation of temperature
from climatology (K), (c) mixing ratio (g kg-1), (d) deviation of mixing ratio from climatology (g kg-1), (e) deviation of relative
humidity from climatology (per cent), () zonal wind (m s-1), and (g) meridional stream function (109 kg s-1).
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