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A B S TR AT C T

In this study we use a two-dimensional slab version of

the ECMWF model to examine the effects of sub—grid scale
parameterisations on an idealised baroclinic wave. The
parameterisations studied were those of the GFDL model
(Manabe et al 1965) apart from Radiation, the Convectlon
Scheme of Kuo (1974), the Mu1t1p01nt Filter of Shapiro
(1970) and the Dry Convection Parameterisation of Corby

et al(1972 ).' The main finding is that the Kuo convection
scheme has a more gradual effect on the flow than the Manabe
scheme., The Manabe scheme can produce large changes in the
vorticity field in a two-hour period even in mid latitudes.

The synoptic evolution using the schemes is rather different
in some circumstances. In one set of experiments we found
what appeared to be a secondary cold- front using the Manabe

scheme, but not with the Kuo scheme !
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1. Introduction

The problem of parameterisation of the sub-grid scale processes
has a number of aspects. In the first place there is the
observational effort to relate the sub-grid scale turbulent
transports to the large scale field. Secondly there is the
question of the interaction between the dynamics and the
parameterisation in the course of an integration. The turbulent
fluxes due to a parameterisation may be reasonably accurate

at most grid points in a given time step. If, however, the
cumulative effect of the formulation being used pxoduce§
computational problems or unrealistic features We may wish

to modify the formulation to reduce such problems.

The study of this latter guestion is usually done with three-
dimensional models which are, of course, expensive to integrate.
Part of the motivation for this study was to see if a less
expensive two-dimensional model could be useful in this regard.
The results discussed below indicate that two commonly used
convective schemes have markedly different effects on the
development of a front.

It is expected that research workers in ECMWF's member countries
will want to use the ECMWF model for experimental work in the
field of parameterisation. The two-dimensional model provides
o convenient means for these workers to develop and test their
codes in their home environment. The codes can then be readily
implemented in the ECMWF three-dimensional model for experiments

at ECMWF.

This reportdescribes the use of the model to study the effect

of a number of physical parameterisations on the growth of a
large scale baroclinic wave. Tn Sections 2 and 3 we describe

the finite difference scheme and grid, and the specification

of initial and boundary conditions. In Section 4 we describe

the evolution of the growing wave in the presence of a weak
internal smoothing. In Section 5 we summarise the main features
of the parameterisations used. In Section 6 we describe the
evolution of the baroclinic wave in the presence of parameterisations
of the surface exchanges, the planetary boundary layer and dry
convection. In Section 7 we discuss the effect on the wave of
including, in addition, the effect of moist comvection. We

used the schemes proposed by KUO (1974) and MANABE (1965). We
found that there were important differences between these schemes
in their effect on the dynamical fields in the early stages of
the growth of the wave. In Section 8 we discuss the later

stages of growth and show that these dynamical differences
persist and amplify. In one set of experiments a secondary cold
front developed using the MANABE scheme but not the KUO scheme.
In general the KUO scheme causes gradual changes in the flow field
while the MANABE scheme produces sudden and quite sharp changes.
Iin Section 9 we discuss the eifect of internal dissipation on

the computational noise in the integrations. For reasonable
values of the coefficients in the linear fourth order dissipation
and the non-linear SMAGORINSKY (1965) dissipation the noise
levels are about the same.



2. Finite Difference Model

The model used is a version of the three-dimensional ECMWF
model (BURRIDGE 1977). The finite difference scheme is
written in advective form on a staggered latitude-longitude
grid. The scheme is energy conserving and in addition
conserves the mean of p*Z%Z%for horizontal flow where p* is
surface pressure and Z is the vertical component of the
absolute potential vorticity. 1In the vertical, o-coordinates
are used,

The model is made two-dimensional in the following manner:
All geometric constants are fixed for a given latitude (in the
present case 40°). The meridional gradients of u, v and p*

are set to zero,while those of T and q are Specified "~
and held constant. : :

The three-dimensional code is organised so that at latitude

J all north south advections between j ‘and j-1 are known. Then
Zy+1 and the advections between j.-and j+1 are calculated. Finally
the tendency can be calculated by combining the advections and
the linear terms. In the two-dimensional model we use the

same code and make three basses through it skipping over

selected portions on each pass. On the first pass we calculate
Zi_1; (and so Zs, Zj+1). On the second pass we calculate the
a&vections between* j~1 and j. On the third pass we chlculate

the advections between j+1 and j; andmfinally‘the'tendencies.

The baroclinic wave studied had wave length equal to that of
wave number 6 at 40°N viz. 5,100 km. This is reasonably close
to the wave-length of maximum instability for the zonal wind
profile used. We used 48 grid points in the east-west
direction giving a resolution of 106 km, which is close to
what we hope will be possible in the ECMWF operational model.

The vertical grid was defined following SMAGORINSKY et al
(1965) viz.

— 2 _ —
O = Sg (3-2s.), s, = (2k-1)/18, k = 1,2 —— 9,

giving a nine level model, This was done to facilitate the
introduction of the radiation scheme of the GFDL model in later
experiments.

The time scheme was an explicit leap frog scheme with'a time
step of 90 secs. -

.3. Initial Conditions and Resolution

The initial conditions for most of the runs described below were

derived in the following way .
The north south gradient of temperature at each level,

5,

was calculated from the zonal wind profile shown in Fig, 1,



The temperature gradient was derived

by Specifying'ﬁ analytically to increase linearly from O

to 25 m/sec in o=1, 0.25 and decrease linearly to 0 at

g = 0. We differentiate this u with the model's hydrostatic
equation to calculate 3T '

oy

This field had some small two-grid wave features because of the
form of the hydrostatic equation (HOLLINGSWORTH 1976).

|5

5y was therefore smoothed slightly to remove this feature
and the hydrostatic .equation was integrated to calculate the final
u shown. ' : ; ‘ - ;

There is a,jetfmaXimum‘of“ZS m/sec near the tropopause. The
zonally averaged temperature initially, T, was that of the
standard atmosphere. Table 1 lists the values of u, TO,
37T ; g , : ; ~

dy -
TABLE 1f The values of ’To’ %% and 1 at the model levels.
o = : i
o T “K 8T o =
o) 5y K/m : u m/s
k=1 .009 216 -2.68E-7 .25
2 .074 216 -3.36E-6 6.99
3 .188 216 -7.72E-6 19.36
4 .336 233 4.98E~-6 23.33
5 .500 251.1 6.71E-6 17.58
6 .664 265.5 9.59E-6 11.93
7 .812 | 275 1.12E-5 6.77
8 .926 283 1.31E-5 ? 2.84
9 .991 287 1.39E-5 S .6

To To was added a perturbation temperature of the form shown
in Figure 2b which has no phase variation with height. This
was balanced by a north south velocity field of the form shown
in Figure 2a.

If the model is integrated forward from these initial conditions
the perturbation grows and changes its form so as to have a
westward phase tilt with height. For the adiabatic integration
discussed below the integration was allowed to continue in this way.



To discuss the initial conditions for the diabatic integrations
we must specify the mean mixing ratio - gradient. It can be
specified as either a linear or a logarithmic functlon of
latitude. A linear specification of the form

{%%}k =;E%;qs} .Egﬂk » = constant at}each level
!Ik=TO(k)
y=o '
t=0

has the disadvantage that for the north-south temperature
gradients used a relative humidity of 75 % at any level
implied negative mixing ratios in the ba31c state some
600 -~ 800 km to the north. , » ‘ ,

}
A wind of 10 m/sec lasting for a day would thus produce a
negative gq in the model. A further disadvantage of this choice
is that the relative humidity of air advected from the south
becomes progressively lower. This is because the saturation
vapour pressure is an exponential rather than a linear function
of temperature. Even though the mixing ratio increasés to the
south the saturation mixing ratio increases more rapidly to the
south with a consequent decrease of the relative humidity.
The problem of the negative humidities in the basic state may
be circumvented by requiring that the humidity cannot become
negative. In effect we permit only poleward moisture advection
after a certain stage. For our purposes this is not a serious
“restriction. R e s : L

For reasons described below, in some experiments we specified the
north south gradients of q logarithmically by

9-1,k = %% k
a; -1 :
j+1,k O j,k
where | | d
O = 1 + E;[zn es} ly = 0, T=0

We thus have
_fa_ PO
[qj—l,k - qj’kJ /qu —[dy (‘an eS)] y=20,1t= 0
Now ’ B

d L dT
ay ey = - ®F: Gy ¢

=— 1is fixed and the variation of - %Tz is nearly linear in T.



The changes of temperature produced in the model in the
1ntegrat10ns for which humidity plays a role is no more
than 159K, Hence

L

RT2

will vary by no more than 10 %. This has the advantage
of keeping the relatlve humidity of the adveeted air nearly
constant. :

The initial state for the runs with convective schemes was obtained
by integrating from day zero to day 13 with the follow1ng
parameterisations described in paragraph 5:

(1) Surface layer

(2) Planetary boundary layer

(3) Dry convection as an adjustment process

(4) ‘Large scale condensation

(5) V%*smoothing and time filter

(6) Linear gradient in humidity.

This yields the fields shown in Fig. (3). The westward phase
tilt is well established, There has been practically no large
scale condensation and the relative humidity is just
approaching 100 % in the warm air. If we included the MANABE
convection scheme in the run there would have been no convective
rain to this point. On the other hand if we had included the
KUO convective scheme there would have been enough convection
to change the vertical velocity field considerably though the
other fields would be relatively unchanged. It was to avoid
this distortion that we took the fields as described at day 1.5
as the initial state and then changed the north-south humidity
gradient at that time to a logarithmic specification if we so
required.

4, Adiabatic Integration

The quasi-geostrophic theory of baroclinic instability is well
known (CHARNEY (1947), EADY (1949)). The present initial flow
is unstable and on linear theory we would expect unstable normal
modes to grow exponentially in time, with the most unstable
mode becoming dominant. The perturbations would have a
sinusoidal form in the east west. Fig. 4 shows the perturbation
fields of u, V, T at day 3 with a Weak time filter Vv = ,02
and horizontal smoothing K v K, = =7x1015
Fig. 5 shows the patterns of p at the surface, V,T at the lowest
level at the day 3. The results in the later stages are very
similar to those found by WILLIAMS (1967) in a very similar
experiment.

3
There is very little growth in the eddy kinetic energy during
the first two days. The initial perturbation is not a normal
mode and the most unstable normal mode does not become apparent
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in the fields until about day 1%. Thereafter the growth is
rapid. However, the sinusoidal form is not maintained as the
perturbation grows to large amplitude. The region of positive
vorticity shrinks and the magnitude of the vorticity in the
region increases while the reverse happens in the region of
negative vorticity. 'This effect has been discussed by HOSKINS
(1975) and HOSKINS and BRETHERTON (1¢72). The latter authors
give a very complete analysis of the closely related experiment
by WILLIAMS (1967). They show that the region of large vorticity
will collapse to a discontinuity in a finite time glven the
infinite source of energy in the model.

According to quasi-geostrophic theory for the Eady problem,
there is a phase difference of a quarter wave-length between
the V and T waves. In the analysis of HOSKINS and BRETHERTON
(1972) the same solutlon is found to apply in the transformed

coordinate space.

A\

£

where x is the east west coordinate, Vg is the geostrophic V
velocity and z a vertical coordinate. In their analysis the
transformation back to physical space has the effect of bringing
the regions of positive shear in V, T into much closer coincidence
than in the quasi-geostrophic solution, so that the entire

flow near the vorticity maximum bears a close resemblance to

the classical model of a cold front. ' In our integrations this
coinciding of the V and T shear maxima does not occur until

“the late stages of the development. By this time the shears
have become so large that the model breaks down. At day 3 at
the lowest layer (Fig.5) the zero perturbation isotherm still
‘lags the zero isotach in V by about one eighth of a wave-length
or 650 km, although the zones of maximum shear in V, T dlffer
by only one grid length.

This feature is clearly related to the fact that the meridional
‘'wind near the surface is significantly larger on the warm side
of the shear line. A similar feature may be seen in the BOUSSINESQ
integrations of WILLIAMS (1967).

(X,2) = (x +

In Fig. 6 we show the fields of p* 6 and of q,the humidity

mixing ratio,at day 3. The units for p*& are Pascals/sec.

1 Pa/sec. is 36 mb/hr. At the surface 1 Pa/sec. is 8 cm,/sec.

At day 2, when the wave was still in the linear regime the pattern
of p* & was essentially sinusoidal in the east west coordinate.

By day 3 however the non-linear frontogenesis is well advanced.
The rising motion ahead of the front has been concentrated into

a narrow region with p* ¢ reaching a value of -.49 Pa/sec.

( ~17.5 mb/hr.). The region of descent is much broader with a
maximum value near the front of .11 p/sec ( ~4 mb/hour).

The field of q reflects the combined effects of horizontal and
vertical advection, The subsiding cold air is dry and the rising
warm air is quite moist. The model therefore behaves according

to expectation in this adiabatic integration. There is no
generation of computational noise though the internal dissipation
is modest. Fig. 7 shows longitudinal spectra of the ageostrohpic
wind component u' at the levels 4,5,9 (330,500,990 mb approx.)

at day 3. Wave number 12 is the 4 Ax wave and wave number 24 is

)



the 2 Ax wave. In Fig. 8 we see that even with the very

large shears present in the model there 1s very little
energy in wave lengths shorter than 4 Ax, ~

5. Parameterisation of Sub-Grid Scale Processes

The parameterisations used in these experiments are described
in detail in MANABE et al GARP Report 14 (1974, r 7)),

KUO (1974), SHAPIRO (1971), CORBY, GARP Report 14 (1974,

p 113). Here we present brief summaries of the main Ieatures
of the parameterisations. ‘

5.1 Surface layer

The surface fluxes of momentum, sensible heat and water
vapour are specified by
£, = Cp [V I(o-ag)

where a = u,vl,q; k denotes values at lowest model level;
S denotes surface values and Cp = 2%10° %, co

The parameterisation used is the same. as that described_
by MANABE et al (1974). The flux divergences of u,v,q in the
boundary layer are given by :

d da ' _ 223V
g _ o0 a = = 228V
7 Kv oz u,v,d, Kv oz
where 22%(z) is specified by:
0 £z<h L = k.oZ
h<zx<H % = koh (H-z)(H-h)
H< gz L =0 :
where kg = .4, h=75m, H= 2.5 knm,

There is no explicit diffusion of T. Vertical transport of T
in the boundary layer is assumed to be accomplished by the
convection scheme. ’ '

This is assumed to occur if saturation occurs. .The }atent
heat is released in situ and the condensate is immediately
lost to the atmosphere as rain.

5.4 Convection

We. used two different convection schemes due to MANABE and KUO.



5.4.1 MANABE Scheme (GARP 1974)

Convection occurs if the atmosphere is saturated and if
the lapse rate exceeds the moist adiabatic lapse rate.
If both these conditions occur then the temperature and
humidity fields are adjusted so that the lapse rate is
moist adiabatic, the air is saturated and the total
internal plus latent énergy is conserved. We note in
particular that the convective rain can only occur in
association with large scale rain.

5.4.2 KUO Scheme (KUO 1974)

o —— —— ————— - — — — — — i T Sy s Py T Mt S o W S S

In this scheme convection occurs if

(a) there is large scale convergence of moisture in
boundary layer,

(b) the atmosphere is conditionally unstable.

When these conditions are satisfied the moisture convergence
is partitioned between that part which increases the

humidity of the column and that which is condensed in cumulus
cloud.

The heating of the atmosphere due to convectlon is then
proportional to the moisture convergence and the dlfferences
in q,T between the cloud and the env1ronment ‘

5.5 Radiation

Two forms of internal dissipation were used, one non-linear
due to SMAGORINSKY (1965) and the other a linear dissipation
which is a modified form of the smoother introduced by
SHAPIRO (1971).

St .l . s P . ot s e . S S e et B o S e i

The tendency due to this term is written

da _ 8 p 31
ot ox H ox

‘ o 22-22 -a—Y.Z% A
where Ky = (2K, Ax) {[ x] +[ x) } 3, K1 =0.25

The linear filters introduced by SHAPIRO (1971) have been used
by FRANCIS (1975) in a general circulation run . He used a
17 point filter in both directions. Such a filter is cumbersome



to use in the north south direction, as one needs to have
17 latitudes in core. The use of a 5-point filter would
pose fewer problems in this area. One of the questions we
examine in this report is whether a linear 5-point filter
would prove suitable for the present integrations. The
SHAPIRO 5-point filter is of the form :

Z.l= 7.
1 1

+ Sl(zifl - ZZi’+ Zi+1)

7.o=%. + 8 (Z.}
1-

7l 71 -
: 5 ) - 27+ 700 )

1 U

where S1 = .25 -
and S, =-~,25.

The Z ! operator can be thought of as a smoothing operation and
the final operation as a re-amplification. ‘

The 7 operator eliminates the 2 Ax wave. The coefficient is
then chosen so that 7 eliminates the two grid wave and has

minimum effect on all other waves.
It is easy to show that

L7 ' -
Zi Zi + (S1 + 82 )(Zi__1 2Zi + Zi+1 )
+ S S (Z. -47. + 674, —47. +7. )
1 2  1-2 1-1 i ;1+1 o 1=2

If we take 'k“= S, then the amplification factor on a Fourier
mode Zj = t¥IX . jg ~

kAX
= )

1 - 16 (s,) (Sin*

1 . _
With S; = 0.25 the two grid wave k = - is elimated. We found

that this value of S was rather too ?;rge and experimented with
the values S, = .1, .01. - : '

Theu5—point SHAPIRO filter in one direction may be thought of as
a V' operator. With our grid length a?d time step these values

of S; correspond to values of 7 x 10 6 and 7 x 10 5s.1. units
for the coefficient of the V operator.. ~

5.7 _The time filter (ASSELIN 1971) is used to damp the
computational mode in time. We used the value 0.02 for the
coefficient.

e e it o o e o T vt S g S . T S Yo Kt o VOO e o e i o o S e P S S

'

'This is similar in principle to thé moist adiabatic adjustment,
being invoked when the dry adiabat is exceeded. '
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6. Diabatic Integrations

- Run with Planetary Boundary Layer (PBL), Surface
Exchange-Processes (SL) and Dry Adiabatic Adjustment (DAD).

The adiabatic integration produces a very strong southward
advection of cold air near the surface. After three days the
temperature at the two lowest levels falls by over 20°K. If
we allow the atmosphere to interact with the surface then this
cold air will become dry adiabatically unstable. '

The surface fluxes will quite readily dominate the advection
in the lowest layer in the absence of the dry-adiabatic
adjustment. This can be geen from the approximate thermal
equation for the lowest layer, : ~

3T Cp|V]|(6N -~ 8%)

aT ~
A Az ‘

'5'%‘~

<

where GN is the potential temperature at the lowest level.

0* is its surface value and Az is the appropriate depth,
Then a steady state solution is obtained if
3T Az

oy CD

(0 -6%) =¢ where €< 1 as V2 0

3

If we take g% ~5°K/400 km, z = 75m, Cp = 2%10°

we see that (GN'—G#)“ £ (OW5OK)so that T at the lowest level

will remain close to the value of T,. If we make an integration
with the surface fluxes but without the dry adiabatic adjustment
we find that this is indeed the case but the computation breaks
down after about 3 days due to the onset of dry convective
instability.

In Fig. 9 we show the situation at day 3 in a run from day 0

with PBL, SL and DAD. A number of effects are immediately
obvious. The kinetic energy generation is much reduced. The maxima
and minima of V and T at the lowest layer have moved to the higher:
~layers, to 926 mb for all but the temperature minimum in the

cold air. This has moved upwards to 812 mb and the lapse rate
below this minimum is very close to dry agiabatic, We note

that the lowest layer (at 75 m) is some 7 K colder than the
underlying sea surface. Such air-sea temperature differences

are common in cold air outbreaks. A rather undesirable feature
of the results was that the humidity in the cold air tended

to be concentrated in the lowest level with a value for q of

.005 at 991 mb ( r~ 80%) and .001 at 926 mb ( r -~ 30%) where

r is relative humidity. The vertical diffusion due to the
boundary layer could not mix up the humidity fast enotgh to
overcome the effect of the sinking motion and the horizontal
advection. This seemed unrealistic in view of the strong
vertical mixing of potential temperature that was occurring
because of the dry advection. We therefore re-ran the

experiment from day 1% with a diffusion scheme for dry convection
which mixed 6 and g at a rate proportional to the lapse rate
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when it is dry convectively unstable. The differences

in the fields of V, T are negligible. The lowest model
layer in the cold air was dryer, g~ .003 (r . 50%) and the
value extended upwards to 800 mb (r ~ 100%).

In fact without this change none of the runs with large-
scale rain and/or moist convection gave any precipitation
in the cold air. :

7. Runs with PBL, SL, Dry Diffusion, Large Scale
Condensation and the Convection Schemes of KUO,MANABE

it s . s oo S S S s A M S St e TS S St S il S o ) S T S o Vb S, Wty (i iy St B e Pt

Since the model situation under study has an infinite source
of energy the physical situations it produces are comparable
with atmospheric values only in the early stages of the
integration. ' o ‘ ‘
However, we can hope to identify systematic differences
between physical parameterisations in these early stages.

In the experiments to be reported here, there appears to be
"a definite tendency for the MANABE scheme to produce much
sharper structures in the flow field than the KUO scheme,
starting from the same smooth initial field. ~

The runs to be discussed now were all started from the state
at day 1} described earlier. We used a logarithmic humidity
profile from day 1%. Fig. 3 shows the initial fields of V, T.
Figs. 10, 11, 12 show the fields of V T at day 2, in three
different runs : no convection scheme (Fig.10), MANABE scheme
(Fig. 11), KUO scheme (Fig.12). Fig. 13 shows the accumulated
total precipitation over the 24 hour period to day 2% for these
runs. In the first 18 hours of the period the KUO scheme
produced more precipitation than the MANABE scheme, and both
produce substantially more than the run without convection.

In the last 6 hours of the period the relative positions are
inverted. ' ' ~

After twelve hours, at day 2, there are marked differences in

the V fields of the three runs. The maximum low level vorticities
in the MANABE run are about twice as great as those in the

other two runs which do not differ greatly among themselves

in this respect. The patterns of p* & in these runs also show
substantial differences after twelve hours (cf. Fig.14). The
maximum value in the run without convection is .3Pa/sec. In

the KUO run the pattern is very similar but the maximum is
—.6Pa/sec. In the MANABE run the area of rising air is smaller
by a factor of 2 and the largest vertical velocity is -1.8 Pa/sec.
( 65 mb/hour). '

After 24 hours of integration the characteristics of the runs
change somewhat. The vertical motion at the front intensifies
considerably in all three runs as a result of the latent heat
release. This intensification has been largest in the run without
convection and least in the run with the KUO scheme.
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This intensification is due to two effects : Firstly the
convection schemes cool the lower layers and warm the upper
layers compared to a run with no convection. This feature

is commented on by MIYAKODA and SIRUTIS (1977). Secondly,

the advection of g is dependent on the existing value of q.
The combined effects are to produce more moisture convergence
and higher temperatures at low levels in the run without
convection. Consequently, when saturation is reached in the
run without convection, much larger amounts of latent heat are
released 1n a very narrow area.

The most 81gn1flcant stage of the integration for our purposes
are the first twelve hours. Fig. 15 shows the pattern of total
rainfall released in the 6 two hour periods between day 1%
and day 2 in the KUO and MANABE runs. - Overall the KUO scheme
has released 25% more precipitation, -However,the pattern of latent
heat release is quite different. The KUO scheme has a rate of
.5 to lmm/hr distributed over about 10 grid points throughout
the period. The MANABE scheme has practically no precipitation
during the first 6 hours and then a sharp increase to a maximum
of 5mm/hour (average 2.5 mm/hour) at three or four grid points.
This concentrated release of latent heat tends to accelerate
the vertical velocity which in turn accentuates the latent heat
- release in a narrow area. The effect on the flow field is to
produce in a two-hour period from day 1 hour 22 to day 2 hour 0
the marked change in the wind field shown in Fig. 16. This
~figure is the most surprising result of this work. One
normally expects the geostrophic wind field to be affected by
physical and dynamical processes on a time scale of about a day.
These results show that a moderate amount of rainfall (5mm/hour)
released in a localised fashion can cause rapid changes in the
vort1c1ty field, in certain circumstances.

_._—..-..-._——_—_____._...._-—.—_-_—_—_.____.___.__..._...__..._.. — v o e

One might object that these differences in behaviour of the schemes
‘are sensitive either to the amount of precipitation being released
or to the fact that the advection of m01sture is proportlonal to
the ex1st1ng amount of moisture.

To test this point we started from the same initial conditions
but with the north south gradient of g held constant.. We made the
restriction that ¢ could not become negative.

During the first twelve hours to day 2 the KUO run releases about
three times as much precipitation as the MANABE run, although the
amounts are small.  We look in detail at the period day 2 - day 2%.
In the KUO run (Fig. 17a) in the first six hours precipitation is
occurring at five points with an average value of about 1mm/2 hr.
In the last six hours there is precipitation at 4 points but the
average amount for these three increases to 2.5 mm/2 hours. In
the MANABE run the precipitation sets in quite suddenly (cf.Fig.
17b). Between day 2 hour 4 and day 2 hour 6 there is about
4mm/2hr. at one point. During the next six Hours there is
precipitation at three points with a maximum rate of 10 mm/2hours.
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At day 2 hour 12 the warm anomaly in both models has a. very
similar structure. There is a maximum at 926 mb, a relative
minimum at 812 mb and a second relative maximum gt 500 mb.

On average the maxima and minima in the KUO scheme are about
.459K higher, consistent with the larger latent heat release.
The fields of V (Fig.18) are rather more different. The
vorticity at 812 mb is significantly larger near the front

in the MANABE run. The patterns of p* ¢ at day 2% (¥Fig.19)

are broadly similar. There is an intense rising motion at

the vorticity maximum. A weak descending motion occurs behind
it. There is a further weak region of rising motion to the
west before the main body of sinking motion in the cold air. ‘
The secondary region of weak rising motion is well correlated
in both runs with the region of large horizontal temperature
gradient at 926 mb. However, the intensity of the rising
motion at day 2% is quite different between ‘the runs. In the
KUO runs the maximum velocity is at 664 mb with a value of
-1.19 Pa/sec. In the MANABE run it is about double this value
at -2.06 Pa/sec. The smaller region of weakly descending air
has a maximum velocity of .14 Pa/sec, in the KUO run and .16 Pa/sec.
in the MANABE run. The secondary region of rising air has a
different structure between the runs. In the MANABE run there
is a maximum at mid levels of -.15 Pa/sec. In the KUO run the
maximum occurs at 926 mb with a value of -.05 Pa/sec.

At day 3 in these runs qualitatively similar differences are to
be found in the vertical velocity field, with the MANABE scheme
having a maximum value of -1.8 Pa/sec. and the KUO run showing

a value of -.12 Pa/sec. A similar comment may be made about the
~ weak secondary rising motion. The temperature and V fields,
however, show smaller differences than they did at day 2%.

To summarise then, the inception of precipitation in runs with
the MANABE and KUO schemes is rather different. With the KUO
scheme the inception is a gradual process with a slow build up
in the vertical circulation associated with the front. In the
MANABE scheme on the other hand the process is sudden. The
precipitation is more concentrated and has larger values, about
double those in the KUO scheme. The vertical circulation at

the front is much stronger by a factor of 1.5 to 2. The initial
effects on the vorticity field are to produce sharper vorticity
maxima. ‘ '

Our conclusions about the differences between the schemes in

the run with a logarithmic specification for g are borne out in
the run with a linear specification for q. Given the nature of

- the MANABE scheme, which does not permit convection until
saturation is reached, one would expect the onset of precipitation
to be sudden. What is interesting about the present results are
the consequences of the sudden onset for the flow field. There

is a sharp intensification of both the vertical velocity and the
vorticity and the scale on which this occurs 1is initially smaller
than in the runs with the KUO scheme. n
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8. The further Development of the Frontal Systems

The further development of the frontal system in these
integrations is of some interest. The relevance of the
evolution to the atmosphere is perhaps in doubt because the
character of the evolution is dominated by the infinite
energy source available to the two-dimensional model. Never-
theless it does provide an interesting if extreme example

of the effect of latent heat release on frontal development.

8.1 Dry model

In the adiabatic integration, at day 3, about 12 hours before
the model blew up we can see (cf. Fig. 4) that the regions of
sharpest gradient in T and V at the lowest layer are tending
to become coinecident. This agrees with the analytic results of
HOSKINS and BRETHERTON (1972). ‘

In the run with just PBL, SL and DAD (Fig. 8) at day 3, a
similar comment may be made. In this run the comment applies to
the 1eve1 at 926 mb

—.———.—_.—...-....._..._._.__._-._..___.....—.____.__.._._—._.__.___—-—__ _——

In the runs with convection and a linear profile for the basic
state humidity events do not follow the same pattern. In the
MANABE run at day 3% (Fig.20) there are two low-level

vorticity maxima. The larger by far occurs at the main front.
The weaker vorticity maximum is well correlated with the zero
perturbation isotherm at 926 mb. The maximum horizontal
temperature gradient at this level occurs close to this isotherm.
This is also the place where the weak secondary region of rising
alr occurs. There is in addition, in this region, a weak
maximum in precipitation. Moreover, the largest temperature
gradients at 926 mb occur in the same place where the dry
convection in the cold air is beginning to transport heat away
from the surface.

Fig. 21 shows the fields of p* and V T at the lowest model level
in this run. There is a temperature change of 3°K at the main
vorticity maximum with a larger change occurring at the weak
vorticity maximum. To the west of this point lies the main body
of cold air. We note too the slight change in the gradient

of p* at this point. Taking all these points together it would
seem not unreasonable to describe the feature as a secondary
front.

In the run with the KUO scheme and a linear q profile in the

basic state (Fig.22) the V field at day 3% is different from the
MANABE run as there is no secondary vorticity maximum. The T field
is rather similar in the two runs. The secondary peak of rising
motion is weaker by a factor of 5. There is no secondary peak

in the rainfall and there is no secondary vorticity maximum.

These points are of course intimately related.
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From the onset of the precipitation in each run with a linear
specification for q two cells of rising motion were apparent.
We have no theoretical explanation for this fact. The cells
in the MANABE run were stronger. Presumably the weaker of the
two cells in the MANABE run was sufficiently intense to induce
precipitation which reinforced the vertical motion and led to
the secondary vorticity maximum. : :

OQur interpretation of this secondary vorticity maximum as a
weak secondary cold front is not in serious disagreement with
the definition given by McINTOSH (1972) : " The development

of a trough or troughs of low pressure within the cold air mass
lying in the rear of a deep depression is relatively common.

On those occasions on which a trough appears to mark the line
of advance of colder air (owing to rather different recent
histories of the air masses on either side of the trough) the
trough line is termed a secondary cold front". o

The system under discussion has many of the features mentioned
in McINTOSH's definition. There is a deep low, the main body
of cold air is well to the rear of the main vorticity maximum
or main cold front; there is dry convection in the coldest air;
near the zero-perturbation isotherm there is moist convection.
‘In the run with the MANABE scheme the convection is intense
enough (and localised enough) to sustain a vertical circulation;
this vertical circulation is sufficiently strong to generate a
marked vorticity maximum which is associated with a change in
the pressure gradient. ‘

o e o e e e o e o e e e i o o 2o i T it i S S e i S S T o S s o 255 B = A

The evolution in the runs with the logarithmic profile for q

was different yet again. In the MANABE run (Fig. 23) the latent
heat release and the associated vertical velocities at day 3, near
the main front, were sufficiently strong to induce much larger
southward velocities just behind the main front. The strong
associated cold air advection changes the temperature field so
that the main thermal gradient at low levels 1is now much more
closely associated with the main vorticity maximum..

In the KUO run at day 3 the southward velocities are not SO
large, 17 m/s as against 25 m/sec., so that the sharpening of the
thermal gradient near the vorticity maximum has not yet occurred.
By day 3%, however, this change has taken place and the thermal
pattern then looks very gsimilar to that in the MANABE run.

In both these runs the secondary region of rising air is weaker
than in the runs with a linear humidity gradient. As a consequence
the secondary vorticity maximum is weaker and there is no secondary
rainfall peak. ' -

These examples, although rather extreme, show that latent heat
release can have significant effects on the dynamical evolution
of baroclinic waves.
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9. Internal Dissipation

Internal dissipation is used in numerical models of the.
atmosphere for two reasons; to control computational noise
and to represent the dissipation that occurs on unresolved
scales. Linear dissipation is not generally favoured. For
practical reasons it can only be used as a second order or at
most, fourth order smoother, due to core store limitations.
Second order linear dissipation has a severe damping effect
on all wave-lengths if it is strong enough to control the
noise. A fourth order smoother, such as we have used here is
much more selective. For example,

ar q2

Ky ax and Xy 5x2

have the same effect on a four-grid WaVe if K4'= 7%1036'and

K2 = 6x105, all units S.I. Table 2 shows the e~folding time

- in days for the four longest waves when wave number 1 is
represented by 48kpoints and Ax = 106 km, for these values of

K4, K2 "
Wave Number ’Fourth Order ' Second Qrder
1 '71.16 .61
2 4,48 .15
3 .90 - .07
4’ .29 .04,
TABLE 2

The table shows clearly the greater selectivity of the fourth order
operator. ~ ‘

Storage,consideratinns make it difficult to implement smoothers

of higher than second order in a three-dimensional model.

FRANCIS (1975) however used a linear Shapiro filter of order 16
and found a large increase in the eddy kinetic energy of a general
circulation run.

Non-linear smoothing operators have quite different effects on
the spectrum as compared with linear smoothers. Non-linear
operators tend to localise their effects to regions of large
gradients in physical space. Thus there is no a-priori reason
which limits their effects, by and large, to the short wave end
of the spectrum. Preliminary experiments, to be reported else-
where, show that non-linear smoothers tend to preserve the shape
of the spectrum while reducing amplitudes at all wave numbers.
Linear filters on the other hand suppress the short wave end of
the spectrum while leaving the long wave end nearly untouched.
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The value of K, = 7 x 10'% which we used in the experiments
described abové is larger than we would want to use in practise.
If we repeat the experiments with K, = 7 x 10'% there is very

little difference in the overall features of T, V except that
the fields are somewhat rougher. However, the vertical velocity
field is so noisy that one would need to smooth it din time

in order to be able to distinguish the main areas of rising

or sinking motion. : : ‘

As a measure of this noise we calculated the ratio R; of the
divergent energy (u component energy) in wave numbers 2 - 11
to the.divergent energy in wave number 1, and the ratio R of
the divergent energy in wave numbers 12 - 24 to the divergent
energy in wave numbers 2 - 11. Fig. 24 shows the values of Rl’
R. for three runs with the MANABE scheme using the linear
specification for 3G/3y. These runs were with the non-linear
SMAGORINSKY diffusion and with two values of K,, (7 X 103,

7 x 10'® ) with the linear V% operator. TFig. §5 shows results
from similar runs when the KUO scheme is used. In all runs the
ratio Ry is relatively unaffected by the smoothing operator.
The ratio Ry, on the other hand, is quite sensitive to the
smoothing. The runs with non-linear diffusion and with

K4 = 7 x 10'° show similar values of Rg while the runs with

K: = 7 x 10'% show much reduced values of Ryo. The run with
tge KUO scheme shows values of Rg about half that in' the run
with the MANABE scheme. We note too the smoother growth of Ry
in the KUO run as compared with the rapid jump with the onset
of precipitation at day 2 in the MANABE run.

The fact that the MANABE scheme produces significant computational
noise is of course well known (MIYAKODA et al 1977).

10. Summary and Conclusions

The results presented above show that there are significant
differences in the behaviour of the moist convection schemes.

In general the KUO scheme has a smoother and more gradual effect
on the integrations as compared with the MANABE scheme.

The use of a dry adiabatic adjustment or a diffusive representation
for dry convection has little effect on the integrations presented
here. However, the vertical transport of moisture by dry
convection is probably important in cold outbreaks.

The linear V'operator with a coefficient of 7x10'°® m*/s gave
smooth vertical velocity fields. A weaker value of 7x10!8

in the linear dissipation, or a non-linear dissipation of the form
introduced by SMAGORINSKY with k = 0.25 ( MIYAKODA 1973) gave
rather similar results for the shortest waves in the divergence
field.

The formulation of the internal dissipation is known to have a
profound effect on numerical forecasts. The present experiments
because of their idealised nature and 'short time span’ are of
little help in choosing a formulation, ‘

i,
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Up to this point we have confined the discussion of the

Manabe and Kuo schemes to a comparison of their performance.

in idealised situations. We have not considered which of them
might be more realistic in comparison with the real atmosphere,.
For tropical regions that has been a matter of lively debate
(KRISHENAMURTI 1969, CESELSKI 1973, MIYAKODA and SIRUTIS 1977).
In mid latitudes a modified version of the Manabe scheme has
been in operational use for several years (BENWELL and BUSHBY 1970).
Forecasting experience with the Kuo scheme is much more limited
(EDMON and VINCENT 1976, HAMMARSTRAND 1976). These latter
results appear quite promising as compared with the Manabe
scheme. The present work also indicates that the Kuo. scheme
has some computational advantages over the Manabe scheme.

Thus, although it is premature to draw conclusions, there are
indications that an extensive trial of the Kuo scheme would be
useful. ‘ :

Finally, we have found that these experiments with a two-
dimensional model provide a cheap way of testing codes for
inclusion in a three-dimensional model and shed useful light
on some aspects of the behaviour of the parameterisations.
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PERT ¥ FIELDs TIME STEP 1

D

(x,0) plots of V',T' after one time step. These and all the
following plots, treat the O-lsvels as equally spaced in the
vertical. The number of the level corresponds to the pressure
levels in Table 1 if the surface pressure is 1000 mb. This
representation was chosen to exhibit the details of the motion
near the lower boundary. V' positive is northward. T' is the
departure of T from 1lts mean state at £t = 0, i.e. To of Fig. 1.
The local maxima and minima are indicated.
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Fields of p*g, g at day 3 in the adiabatic
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Longitudinal spectra (for wave numbers 1-24})
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adiabatic integration. The units are m/sec.
(Clevel 3, A level 5, * level 8).
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~Fig, 9 ~ Zonal profiles of P* (0), Vg (A), T (*)
: at day 3 in the run with PBL, SL, DAD,
The units are HPa, m/sec., K.
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been included.
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Fig. 13 Total accumulated precipitation between day 1% and
2%, averaged over the domain, for the runs illustrated
in Figs. 10, 11, .12 respectively with no convection
scheme (~), with Kuo scheme (--), with Manabe scheme
(...). The units are mm. :
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- Fig. 16 The V' field at day 1 hour 22 and day 2 hour O
) in the run with the Manabe Scheme and a

logarithmic specification for g%.
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Fig. 21 Zonal prafiles of p* (M), Vg (AY, T9(*)
at day 3% in the run with the Manabe Scheme
and a linear specification for 99 The units
are HPa, m/sec., °x respectively.
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Fig. 24 (a) Time development of the ratio R, of the divergent
kinetic energy in wave numbers (2-11) to the divergent
kinetic energy in wave number (1) in three runs with the
Manabe Scheme: (---) run with K, = 7 x 1015, (—) run
with non linear diffusion, (...) run with K, = 7 x 10!,

(b) Time development of the ratio R, of the divergent kinetic
energy in wave numbers (12-24) %o the divergent kinetic
energy in wave numbers (2.11) in the same three runs.
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