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Abstract
This paper is intended to introduce a new convective parameterization scheme
for use in mumerical weather prediction models, and which may have equal
applicability to climate and possibly mesoscale models although this has yet
to be well demonstrated. Since the original basis for the scheme and its
design and testing is already documented by Betts and Miller, 1984, this paper
will concentrate on conveying a basic understanding of the convection scheme

and demonstrating the scheme's performance in the ECMWF global forecast model.

1. INTRODUCTION

There - are relativelybfew basic convective parameterization schemes in use,
although each and every model seems to have a variant of these basic ideas.
Each scheme has advantages and disadvantages, proponents and opponents, and
all use rather simple (or trivial) cloud models to redistribute heat and
moisture in the vertical. It is inevitable that the sophistication and
increasing complexity of these cloud models is seen as the way to progress,
particularly as observational studies identify important additional cloud
physical and mesoscale processes such as anvil rainfall, mesoscale
downdraughts, melting layers, etc. This 'phenomenological' approach to
parameterization, of parameterizing each physical process and hoping that the
components combine effectively is fraught with difficulty, and despite steady
progress, model simulations can still generate unrealistic thermodynamic

structures which inevitably impair model performance.
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2. PHILOSOPHY

The convective adjustment scheme follows a different philosophy in that rather
than representing the individual contributing physical processes, the scheme's
primary objective is to ensure that the local vertical temperature and
moisture structure, which in nature are strongly constrained in the presence

of convection, remain realistic.

The concept of a quasi=-equilibrium between the convective clouds and the
larger-scale forcing is now well-established following earligr ideas of
Ludlam (1980) and more recently by Arakawa and Schubert (1974), Lord and
Arakawa (1982) and Lord (1982) and for shallow clouds, Betts (1973). This
concept implies that convective regions have characteristic temperature and
moisture structures which can be documented observationally as a basis for a
convective adjustment procedure; several examples are discussed in Betts and
Miller (1984). The moist adiabatic adjustment scheme (Manabe, 1965) is a
special case of the deep part of the scheme to be described and is
particularly limited by the fact that a saturated moist adiabat is not
observed as a possible quasi-equilibrium state.

In the case of shallow convection, the fluxes due to the shallow clouds are
normally such as to counter the drying and warming due to large-~scale sinking
motion; If these fluxes are not parameterized, the boundary layer structure
typical of, for example, the trade-wind areas, will be distorted with the
inversion descending to wvery near the surface, leading to an underestimation
of the simulated surface fluxes. This deficiency was pointed out by Tiedtke
(1981) and the ECMWF boundary layer scheme has recently been suitably enhanced

to parameterize these fluxes (Tiedtke, 1983).
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3. THE SCHEME
The scheme simultaneously adjusts the temperature (T) and moisture (q)
profiles towards quasi-equilibrium 'reference' profiles for both deep,

precipitating and shallow non-precipitating convection hence

(op = ¢)
3¢ _ g
(5¢) = — (1

convection
where ¢R(p) is a reference profile for T or g and ¢ is the gridpoint value;
T is an ‘'adjustment' or 'relaxation' timescale. Both deep and shallow schemes
hence require a choice of T and computation at each convective gridpoint

of ¢R.

The scheme is best explained with the aid of a flow chart, Fig. 1. The
large-scale advective, radiation and surface fluxes modify the thermodynamic
structure; this profile is then checked for conditional instability and cloud
top found using a moist adiabat through a low level ¢E. Cloudtop height
initially distinguishes shallow from deep convection (currently chosen around

750 mb in the forecast model).

Different reference profiles are constructed for deep and shallow convection
with different integral constraints. The convective adjustment, defined by

(1), then implicitly redistributes the heat and moisture. If the deep scheme
is selected by cloud top but is found to give negative precipitation (because

of weak subsidence for example), then the deep adjustment is not applied.

Instead, a shallow cloudtop is specified and the shallow adjustment made. For
shallow convection the reference profile is constructed to satisfy the two

separate constraints

T PT

P
[ ¢, (1p - map = £ L (g - q)dp = 0 (2)
B B

P
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where PB, PT are a cloudbase and cloudtop, respectively. These ensure that

the net condensation rate is zero.

The deep scheme must satisfy the total enthalpy constraint

P

/ {(cpT + La)p = (C T + Lq)} dp = 0 (3)
P .
L

where PL is now a low level pressure {not the surface). The precipitation

rate is then given by

T (q-qR) ap

P
PR = £ = -

L

No liquid water is stored in the present scheme.

3.1 Reference thermodynamic profiles

a) Shallow_convection_reference profile

The shallow convection scheme is based on a parametric idealization of the
coupling of a temperature and dewpoint structure of a convective layer to a
mixing line (Fig. 2). Saturation level pressure p*(p) locates 8(p), g(p) on

this mixing line. Defining a parameter

g = dp*
dp

then gives

90  _ a6

EE =B (ap*)m
39 _ g (3
op B (ap*)m

where the suffix m denotes the mixing line. These equations relate the mean
vertical profiles of O and g to the gradient of the mixing line. The
parameter B represents in some sense the intensity of mixing within and

between convective layers.
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The mixing line slope is computed from the saturation points of air at the
level above the surface (represgntative of cloud-base properties) and the
level above cloud top. The adjustment scheme is not applied below cloud-base
(a dry diffusion scheme generates a mixed layer). A constant value of B is
specified from cloud-base to the level just below cloud~top. A value of

B = 0.8 is used. For the stable layer at éloud-top a value of B (typically

~2) is estimated internally from the gradients of p* across cloud=-top.

A guess value of @ = p*-p is assumed at cloud-base, and first guess reference
profiles are computed from B and the mixing line slope. Corrections AT, Aq
(independent of pressure) are applied to the reference profiles to ensure the

energy constraints are satisfied.

b) Deep_convection reference Erofiles

The deep convection reference profiles are more empirically based. A

temperature profile with a minimum in GE at the freezing level is specified,

S
so that the thermal structure is unstable to the moist adiabat in the lower
troposphere and stable above. This is consistent with observations (Betts and
Miller, 1984). Since there is only one energy constraint, it is necessary to
specify more detail in the % structure (related to subsaturation) than for
shallow convection. @ is specified at three levels: a low level, the
freezing level, and cloud-top with linear gradients in between. This is"
roughly equivalent to specifying a relative humidity structure. The
instability below the freezing level is formulated in terms of the slope of

the BE isopleth (Betts, 1983). It is computationally more economic to

sV

reinterpret this slope in terms of 0 using

26
~ 0.95 (35)9 .
ES ESV

30 20
(5576

—ai)- = 0.85
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In the upper troposphere, the 6 profile returns to eES at cloudtop by
interpolating the difference from the moist adiabat linearly with pressure.
At present the energy corrections to the profiles required to satisfy (2) and
(3) are assumed constant with height and only one iteration is required for

good energy conservation.

4. SINGLE-COLUMN TESTS

The deep and shallow components of the scheme were developed, tested and tuned
using a series of single column data sets: a GATE-wave data set (from Thompson
et al., 1979) for deep convection, and BOMEX and ATEX datasets (Holland and
Rasmusson, 1973; Augstein et al., 1973; Wagner, 1975) for shallow convection.
A fourth dataset for an Arctic air-mass transformation (Okland, 1976) was used
to test both schemes for conditions of strong surface fluxes. Details are in

Betts and Miller (1984) and only selected results will be shown here.

Figs. 3, 4 and 5 illustrate the ability of the deep scheme to reproduce the
diagnosed convective heating and drying for the GATE~wave data. The
single=column model is provided with the large-scale forcing and surface flux
terms and the convection scheme responds accordingly. Clearly the scheme
performs very well indeed, although without a parameterization of a storage
term the scheme cannot reproduce the lag in the precipitation cycle, Fig. 6.
These results reflect, in part, the quasi-equilibrium behaviour of the
dataset; nevertheless, similar tests with the Kuo (Kuo, 1965, 1974) and
Arakawa~Schubert (Arakawa and Schubert, 1974) schemes do not give such good

results.

-As discussed earlier, the shallow scheme must represent the fluxes which

maintain, for example, the trade wind inversion against subsidence. Figs. 7
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and 8 show this is indeed the case for 24 hr tests using the BOMEX and ATEX

data in a similar manner to the GATE data.

5. GLOBAIL FORECASTS

Several 10-day forecasts at T63 spectral resolution have been carried out in
which the operational KUO scheme and the shallow convection scheme were
replaced by the new adjustment schemes. A longer integration (50 day T63) was
also carried out. The following sections discuss these forecasts in terms of
various indicators of model skill and consider the impact on the simulated

flow.

5.1 Forecast 'skill'

For an ideal evaluation of forecast skill each forecast should be initialized
from a data assimilation and analysis which uses the same model convection
schemes in order to avoid initial imbalances énd inconsistencies. To do this
for a series of forecasts is a lengthy business and was only done for one case

here, for which the reanalysed case performed slightly better.

Fig. 9 shows the mean skill scores for four T63 10 day forecasts evaluated
using the anomaly correlations of height and temperature averaged over the
Northern Hemisphere troposphere (1000-200 mb; 20°-80°N). Improvement is
apparent by day 4 and increases steadily through the forecast period
particularly in the height field. Other experiments not discussed here
confirm this significant improvement, with rather larger improvement in the
Northern Hemisphere winter half year compared to the summer half, when one or
two forecasts show no improvement at all. A full appreciation of these
forecast results and their synoptic impact is a major research undertaking

with no simple answers, but this work will be attempted.
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Fig. 10 and 11 show forecasts of precipitation and cloud cover typevwifh'some
verification. The predicted 24-48 hr accumulated rainfall with thernéw scheme
compares favourably with the data particularly with regard to areas of
spurious light convective rainfall over land. The cloud cover piéturés are
included to show the typical partition of the convection between deep'énd
shallow, and even for this day 5 forecast the associated METEOSAT image

supports the general distribution well.

Convection plays an important role in the so-called spin-up period during
which the physical and dynamical processes interact to generate small-scale
motions not represented in the analysis and to re-establish adiabatic and
diabatic balances which are difficult to properly achieve in the analysis.
With the present model, this spin-up is a problem as shown in Fig. 12a. Model
resolution and diffusion parameters significantly affect this behaviour,
nevertheless, it appears that the adjustment scheme may alleviate this problem

to some extent, Fig. 12b.

5.2 50-day integration

Figs. 13-15 show mean fields for a 50-day T63 integration with the adjustment
scheme (ADJ) starting from the analysis for 15 June 1984 and a corresponding
control integration with operational physics (CTRL). The forecast means are
for the last 30 days of the integration and the analysed mean flow (ANAL) is

from the Centre's analyses for July 1984.

(a) Precipitation

Fig. 13 compares the two forecast mean precipitation maps with the July
climatology published by Jaeger (1976). Obviously there can be large
interannual variability in precipitation (and cloudiness), nevertheless the

figures still make interesting comparison reflecting the large-scale flow
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differences and also differences in the physics directly. While concentrating
on differences, it is clear that both simulations reproduce the main
climatological features. Both integrations show a well-marked ITCZ with a
more marked Atlantic ITCZ for ADJ and a more marked Paéific ITCZ in CTRL. The
most marked differences are in the Asian monsoon region and the Western
Pacific. While both show the monsoon maxima, the intensities and location are
different and; together with the enhanced precipitation region in ADJ over the

West Pacific, indicate a substantially different divergent flow field in this

area as discussed later.

In the area 40°E-60°E in low latitudes the very marked break in the rainfall
is well simulated by ADJ. The previously noted problem concerning operational
overprediction of light convective rain is emphasised when comparing the low
rainfall regions such as those south of the equator in the Pacific, Atlantic
and Indian oceans; a recent modification to the Kuo scheme may have
alleviated this problem to some extent. Mean cloud cover maps (not shown)
reflgct the above precipitation differences since the cloud cover and

precipitation schemes are strongly linked.

(b) The mean flow

Figs. 14 and 15 show the 200 mb and 850 mb mean flow and it is clear that the
general structure of the tropospheric flow is very well simulated despite the
difficulties of time-averaging the transient waves over a 30-day period. 1In
general, the new convection scheme's simulation has better structure at both
200 and 850 mb.. Notable feétures at 200 mb are the ridge in the vicinity of
the Caspian Sea and the circulation over the west Pacific including the marked
weakening of the tropical easterlies. Linked to the Caspian ridge is an
improved flow in the European sector. However, the flow in the vicinity of

North America is rather less well simulated. At 850 mb the monsoon
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Fig. 16 As Fig. 14 for the 200 wb velocity potential.
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Fig. 18 The evolution of the global-mean eddy kinetic energy
during the 50 day forecasts compared with the analyses.
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circulation over the Indian ocean and its extension through to the Pacific is
well simulated in ADJ, and both simulations capture the 'monsoon-like' flow

into the south part of the USA.

Fig. 16 shows the mean velocity potential at 200 mb describing the divergent
part of the flow. Comparison of the simulations with the analyses shows
significant differences which favour the new convection scheme, although
noticeable errors still remain, particularly over the Pacific. The main
outflow region over south east Asia is better located but possibly too intense
and the secondary outflow region over the Caribbean is better developed and

located.

(c) Other diagnostics

This discussion of an extended integration is not intended to be exhaustive
and only a small subset of results have been shown. Global diagnostics in
terms of energetics and spectral analysis can be illuminating, and Fig.17 and
Fig. 18 show examples of time-mean spectra and eddy kinetic energy. Fig.17
shows distin;t improvements in the midlatitude spectrum of the meridional wind
and of the tropical wind spectra. A particularly intéresting result is shown |
in Fig.18, in which the globally averaged eddy kinetic energy values are
plotted as a function of time. The maintaining of eddy kinetic énergy levels

‘ well beyond ten days of the forecast with the new scheme emphasises the
importance of improved convective parameterization in the longer-term

integrations.
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6. CONCLUDING REMARKS

Experience with the new convective adjustment scheme as exemplified by the
results presented here is very encouraging, and suggests that the approach is
particularly beneficial for medium and extended-range forecasts. Bearing in
mind that the new scheme is still in its infancy (c.f. Kuo, Arakawa=-Schubert),
it appears that this scheme is a viable alternative to existing operational
and research parameterizations, and that future development and'sophistication
will improve matters further. Use of the new scheme in climate and higher

resolution models has not yet been tried.

For climate simulations the basic premise of the new scheme seems sound and
should not suffer from some of the biases that existing schemes exhibit. For
mesoscale/high resolution limited area modelling, the fact that the new scheme
is very smooth in time and computationél well=-behaved may benefit this scale
of modelling. Recent experiences indicate that a shortening of the adjustment

timescale is necessary as the local forcing is better resolved.

Several improvements and extensions to this work are in progress, and in
particular, recent developments in the understanding of convection in
baroclinic regions (Emanuel, 1979, 1982, 1983a,b; Thorpe, 1983; Thorpe and
Emanuel, 1985) enable a straightforward extension of the scheme to

parameterize this "slantwise" convection.

The new scheme is a thermodynamic adjustment and there is no basis for

parameterizing the momentum or vorticity transports by deep convection in such
a way. However, by linking the new scheme to the dynamical parameterization
scheme developed by Miller and Moncrieff (1983) it should be possible to

parameterize momentum transports in a reasonably consistent way.
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