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1. Outline

The atmospheric disturbances and meteorological phenomena extend over
a wide range of spectra in the time and space scales. In discussing
weather forecasts, therefore, it is necessary to define precisely what
time and spéce scales of disturbance are to be treated.

Is there any simple way to classify afmospheric disturbances? An
example of the time spectrum for wind intensity was obtained by Oort and
Taylor (1969) (Fig.,].]), using the wind observation at 30 ~ 80 feet
above the ground at Caribou, Maine (46.9°N latitude, 150 miles away from
the coast)_ In this spectrum, one finds that there are severa] peaks in
‘the magnitude, i.e., 24 hour (diurna])‘3m‘6 days, abpro*imate]y 12
hours (inertia), 1 year (annual), 2 minutes (thermals), 30 days, 0.5 year
(semi-annual). It is known, however, that the intensity of diurnal

variation decreases rapidly with increasing height.
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Ficure 1. 1 Results of an attempt to correct the spectrum at Caribou, Maine, for the effects of aliasing from periods between 1 min
(the basic averaging period of the wind reports) and 2 hr (the Nyquist frequency). Frequency F in cycles/4096 days.
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The largest peak is at 3+ 6 days corresponding to the passage of

cyclones in the middle latitude.

One interesting aspect is that there

is apparently a spectral gap between 2 hour and 10 minutes, where little

energy is contained. Another point is that there is no significant

peaks beyond the period 3 ~6 days except probably the 30 day, 0.5 year

and 1 year periods. The biennial oscillation is well known, but it does

not show up in the spectrum at this latitude.

This means that the jdea

of utilizing any particular frequency does not work for weather forecasts

except for the annual variation, of course.

Let us next turn to the spatial spectrum. If one takes a zonal

belt at the middle latitude and decomposes the wind velocity in the belt

into the one-dimensional Fourier series, the spectrum of the kinetic

energy appears as in figure 1.2.

Let k be the wave number in the zonal

direction, and E(k) be the spectral intensity defined by
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Fig. 1.2: One-dimensional kinetic energy spectra
according to various authors.
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One important characteristic is that, in constrast to the frequency
spectrum, no peak is found in the wavenumber spectrum except the first
mode. The largest energy is retained in the planetary scale and long
waves (wavenumber 1 5), and secondly in the baroclinic waves (wavenumber
6 ~10), and then the spectral curve declines monotonously with increase
of wavenumber. Thus the quantitative representation of the spectrum fdr
the atmospheric kinetic energy does not provide a guide to the classi-
fication of atmospheric disturbances. However, we know in practice that
there are many meteorological phenomena in which kinetic énergy is
intensely concentrated. For the purpose of defining our forecast problems,
therefore, it is more appropriate to classify the atmospheric disturbances
in a somewhat subjective way as shown in Figure 1.3.

This diagram was prepared by Orlanski (1975) for the SESAME b]anning
conference (Severe Environmental Storms and Meso-Scale Experiment). In
atmospheric dynamics there are some basic characteristic scales of
length and time such as the radius of the earth (a), thé scale height of
the atmosphere (H), a period (2w/Q) of the sun's diurnal cycle, and the
local effective period (f'1) of the earth's rotation. Further, there

are some combined auxilliary scales such as Rossby's radius of deformation
= 9/.38 11/2
the variation of the earth's rotation with latitude (Rossby parameter),
and the Brunt-Vaisala period, N'] = [g/e %% ]'1 .
Utilizing figure 1.3 we may construct another diagram to delineate

the prediction problem (figure 1.4). It is customary to classify weather
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forecasts into two categories, i.e., the short range and the long range,
where the former forecast is deterministic and the latter is probably
non-deterministic, that is, of a statistical nature. The time 1limit for
dividing these two ranges is considered to be two or 3 weeks. Recently
people have been talking about the "nowcasf“ and “climate forecésts,"
but we did not include these two in the present discussion, since the
nowcast is useful but not a prediction problem and the climate problem
is interesting but has not developed into a really tractable problem.
~It is a current practice to further divide fhe short-range fofecast
into the short range in a narrow sense and the medium range. The fofmer
treats the forecasts fqr‘timé'range of less than 2 days, which is beihé
implemented successfully qt a number of the operationa]'cehters all over
the world. The medium range fdreéasts cover the rest of the deterministic
range, i.e., from 2 days to 20 days. Thus the present short range
forecast of 2 days does not include the 3~ 6 day peak in the frequency
spectrum. However, in the foreseeable future the time range
of the operational forecast may be extended, to say 5 days.

In 1971, a GARP study conference met at Oslo, Norway and specified

four types ¢ fredi *ion experiments as described in Table 1.
S, !
Trp ¢ of " Time Span pace “é i
Experiment Large Medium Small
17 | 12to 48 hours o X X
I 2 to 5 days X X X
181 10 to 15 days X X .
v more than X X
15 days

Note: It should be noted that the types of experiments
are defined as a combination of the space and
time scales. In view of the fact that each number
corresponds to a particular time-span, one might
be tempted to associated these intervals with
ranges of predictability.



~386-

Prediction Range

58 ce 0060008

©, 4,000 ¢ 6 a0 8 8 0

o6 658 80606 6o
@ e 5 0 e

® 6 0e o006

s e ® o e s e

0

NOWCAST

Short-Range

Medium-Range

J

Long-Range



-387-

In this table, large scale includes wavelengths larger than 6,000
gm; medium scale wavelengths between 2,000 km and 6,000 km, and small
sca]é is wavelengths smaller than ,000 km. iherefore this table does
not entirely differ from the classifications discussed earlier.

Let us specify for this lecture that the short-range forecast
corresponds to the predictions in Experiment I, in which the spatial
scale of disturbances are meso-o (200 ~2,000 km), and macro-B (2,000'%‘
10,000 km). Macro- o« (> 10,000 km) can be included but is not the main
target. The medium range forecasts are the prediction Experiments II
and III, in which the scale of disturbances are mostly macro B and macro
o . In this range forecast, one geographic location experiencéé passage
of more fhan two cyclones. 01d cyclones decéy or merge into other
cyclones, and second generation cyclones will be created in about 5
days. |

In this lecture, we discuss the problems of the short rénge and
medium kange forecasts, leaving out the long kange forecasts. First,
the present status will be explained, and secondly we will discuss
possible impfovements of these forecasts. The possibilities for revision
are numerous, for example, the initial data, the model's réso]ution; the
internal physics, the external effeéts and the numerical accuracy. In
this réspect, however, we shall discuss only the problem of subgrid
scale parameterization. This lecture is by no means a review in this
field, but is my personal view. It is the picture spot-lighted from

the speaker's particular angle at GFDL/NOAA, Princeton, New Jersey. U.S.A.
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2.  Progress in the short-range forecasts

(i) Examples

We show examples here frombtwo different numerical models at GFDL.
The first example is the forecast by a global finite difference model
made by Umscheid in 1974 (see Figure 2.1) The rgso]ution is N=48 and 9
vertical levels in the latitude-Tongitude grid model where N is the number
of gridpoints between the equator and pole; the grid size is AS = 220 km
in the meridional direction. The initial time is 00 GMT March 1, 1965.
The 2 day prognostic charts of the geopotenfiaT height is shown.

The second example is the forecast of the same case done by Gordon
and Stern in 1974 with a global spectral model (Figure 2.2). The model
has a horizontal resolution of M=15 as well as M=32 and 9 vertical levels,
where M is the zonal wave number of the spherical harmonic function. The
latitudinal gridpéints are N=40 and N=20 for M=32 at M=15, respectively.
M=32 seems to roughly correspond to N=40 finite difference model, and
M=15 to N=20. The original barotropic version of the model was constructed
by Bourke when he was in Montreal, Canada, and the model was given to
Gordon in GFDL, who constructed the general circulation model from it.

In this particular example, the spectral model did not inciude any
physics besides the basic dynamics; the horizontal eddy viséosity was not

incorporated.
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Fig. 2.1 (afterAUmscheid and Bannon, 1975)

Fig.2.2: (After Gordon and Stern, 1975).
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(ii) Progress of operational forecasts

Figure 2.3 is a long record of the Si-score of operational 30 hour
surface pressure forécaét and 36 hourJSOb mb héigﬁt forecast at NMC,
Washington, D. C. The "S1 scoreﬂ:déveloped by Teweles and Wobus (1954)
is defined as

$;= 100 % | (2.1)

where eq is an error in the forecast pressure difference (gradient)
between selected stations or geographic locations, and GL’ is observed
or forecast pressure differencé(gradient), whichever is larger, and
the data of specified stations over the U. S. are used. This record
tells, therefore, how the skill has improved with the evolution of
numerical models. Numerical weather prediction‘was started in 1958. It
is seen that prior to 1958 the surface forecast had stayed at the same
level of skill for a decade, and since April 1958:ka significant improve-
ment has been achieved. The NMC operational numerical prediction has
gone through three eras in 17 years characterized by three different
prognostic models, i.e., the barotropic,, the 3-Tevel geostrophic, and
the 6-level primitive equation (PE) models.

When the 2-dimensional vorticity equation model was first introduced;

the sudden “improvement in the 500 mb height forecast was really remark-

able. The surface forecast, however, remained almost the same level of

According to J. Smagorinsky, the numerical forecasts with machines were
started at the Joint Numerical Weather Prediction Unit in 1955. It is,
however, not certain whether the record in this figure includes these
forecasts.
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performance. In the 2nd era (July 1962 is the beginning) the 3-level
quasi-geostrophic barcolinic model amended the surface pressure fore-
casts appreciably but not much for the 500 mb forecasts. In the 3rd

era starting Jﬁne, 1966, .the 6-Tevel non-filtered equation model. replaced
the geostrophic model, and the 1mprovement was very pronounced. Even
within the reign of one model the skill score was gradually improved;

for example, from 1966 until 1972. Probably a number of minor improvement
were made from time to time for example in detecting small code errors,
adopting a better initialization, more accurate initial data, and probably
more optimal physics. However, it is not known why the skill becomes
worse after 1972. It may be that the natural trend is that way.

The skill score reflects the seasonal variations; it is better in
the summer than in the winter. This tendency is clearer in the 500 mb
score than in the surface pressure.

A1l these operational forecasts at NMC'were based on the models in
which grid size = 381 km. In 1971, the limited domain fine mesh model
(LFM) was completed by Howcroft¢ the grid size is 190 km. Since then
this model has been run experimentally and after February, 1975, it has
been implemented operationally. Figure 2.4 is the Sl-score for the 36
hour surface pressure and 36 hour 500 mb forecasts. It is demonstrated
unquestionably that LFM gives a better score. Since 1972 some concern
has been expressed that the numerical weather forecast may have reached
an asymptotic level in performance. The LFM model has proven that the

score could be further improved.
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Let us next discuss the precipitation forecasts, which is one of the
basic elements in weather prediction. The rain forecast has been particularly
improved by LFM. The 12-24 hour forecast of measurable precipitation gave a
threat score (explained be]ow)of 0.37 for the LFM versus 0.33 for the PE.

The threat score is the score of yes-or-no-rain (hit-and-miss) forecast,
and calculated at one station, using a Tong series of rain forecast. The

score is defined by

_H
O+F-H

where 0 is the number of observed rain days, F is the number of forecasted
rain days, and H is the number of correctly forecasted rain days.
Therefore, the perfect forecast is 1.00.

For a long time, the skill of the rain forecast at NMC was not
raised until LFM was applied. NMC Newsletter reported that "in the
first 6 months of 1975, the forecasters in the Basic Weather Branch
reached new high Tevels of skill in forecasting the occurrence of precipi-
tation in the 12 to 24-hour period." However, a number of LFM runs
terminated before reaching 24 hours."

Figures 2.5 are the two monthly distributions of the threat score
over the U.S. The rain forecasts were made by LFM in NMC and the threat
scores have been calculated and accumulated for each month from December
1971 to June, 1975.

Looking at these figures, it may be found that (i) the maximum score
is about .70; (ii) the score is‘better in winter than in summer; there is
almost no skill in summer except in small areas in the northeast. (iii)
the bad verficiation areas start tb spread northward in June and rapidly
in the western U.S. (4iv) the mountain areas are generally worse,

especially in summer.
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(v) New England, Ohio Valley, State of Washington and the Eastern Seaboard
are always in the regions of better skill scores, whereas Miami, Florida,

and Brownsville, Texas are always in the regions of no skill.
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3. Potential improvement of short-range forecasts

| In order to make our dfscussion simp}e and clear, let us assume
that our present operational level of technology is that of the NMC'S .
LFM model (190 km grid size and 6 verticai levels) including the internal
physics as well as the objective analysis and initialization. Then
consider what possible changes in the system might improve the present
short-range forecasts. Robert (1974) has discussed the error budget for
the short-range prediction of the 500 mb geopotential over North America.
He took a five-level model with a grid length of 381 km at 60°N, in
which second order finite differences are used. His estimate of the

error due to various factors is the following.

Horizontal truncation errors 38%
Vertical resolution 9
Time integration schéme 1
Data problems 18
Subgrid-scale physics E 34%

He noted that the last item is only a crude estimate.

Qur starting point is already better than Robert's as far as
horizontal truncation errors is concerned, because LFM is available.
Before proceeding to our discussion on the prob]em of improvement, let
us first enumerate the factors to be considered. The numbers in brackets
are index numbers.

Data: accurate initial condition | [1.1]

initialization (adjustment to model) [1.2]

Model: spatial resolution .

horizontal (from 190 to 50 km grid

size) [2.1]
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Vertical (from 6 to 30 levels)
Subgrid-scale: processes
Horizontal diffusion

Vertical diffusion

P]anétahy boundary layer
Cumulus convection |

Cloud forecast

Computational Stabi1ity and accuracy

More stable calculation of advective

- terms in connection with time derivative[3.

Accuraté calculation
(from second order to fourth order
finité difference)
Accurate calculation of water vapor
advection
Acqurate calculation of pressu%e
gradient term
Lateral boundary condition (nested
mesh) H

External effects:
Diurnal variation
Soil moistire, snbw, and heat
conduction
Accurate sea surface temperéthre
Air-sea coupling

Steeper mountain

[2.

[2.
o
5]
[2.6

[2

[2

3.
[3.
[3.
[3.
4.
[4.

[4.

[4.
[4.

2]

3]
4]

6]

7]

1]

2]
3]
4]
51

1]
2]
3]

4]
5]
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The degree of impoftance'bf these facﬁors depehds ~on the meteoro-
logical element to be forecasted. A forecast of the wind field at 500 mb
requires different pridrities from those needed for forecast of surface
temperature or rain distribution. The situation is a]éo different with
respect to forecasts:over North America or.over the.surrounding waters.

My tentative view on the order of importance for improving the 500 mb
wind ffeld forecast over North America, for example, is as fo11ows,;
[2.1], [1.1],}[2.2], [3.5], [2,6], [275], [1i2], [2.4], [4.1], [2.3],
[3.31, [3.4], [2.7], [4.2], [4.3], [4.4].

This opinion is, however, notjbased oh any firm grpund.

The importance of the observed,data in connection with accurate
initial condition is c]eaf; wevwi11 discuss this_problem later in section
9. Likewise the subgridfscale physicssis also important, but it is
convenient to discuss it separate1y later;“In this section, we will take
up the problems of spatial resolution, the nested grid model, and the
isentropic analysis. |
(1) Spatial resolution

How fine the resolution muétvbe for weather forecasting is a
practical question, but a clear-cut answer is not easy. Mathematical
discussions have been attempted in numerous papers. But the practical
problem requires us to consider comp]iqated factors such as multiple
wave components, tﬁe hon—1inearity of the governing equation, three

dimensionality, and the inclusion of physical processes.
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It has Tong been known that truncation error makes the predicted
propagation speeds of waves too slow and more dispersive. This conclusion
from the linear theory can be applied to practical numerical results with
complicated models. Chouinard and Robert (1971, 1972), however, obtained
the relationship between truncation érror and spatial resolution from a
| model experiment. Figure 3.1 is the error as a function of the horizontal
resolution in terms of N, the number of gridpoints between equator and
pole. For example, N=40 corresponds to the grid size $=270 km. From
this curve, Chouinard and Robert (1971) mentioned that the error is

proportional to (AS)2

> and N=60 km (AS ~ 203 km) gives about 5% of the
error in vorticity advection with the second order finite difference
scheme. Merilees (1974) has recently studied this problem theoretically,
usingthe wavenumber spectrum of the atmospheric disturbances, and
mentioned that Chouinard and Robert's estimate is too optimistic, that

the percentage of error estimates given were too small.

Merilees obtain the percentage of error formula as

Ay 2
147 ( ZTAQ) 2nd order finite difference
AX, , .
E = :
200 ( Z%%») - 4th order finite difference
)

where AX; is the computational grid size and AXO is the observational
-grid size. | |

Chouinard and Robert (1972) 1nVestigated the growth of vertical
truncation error for 5 level and 14 1eVe1 models. Figure 3.2 is the rms
difference of geopotentié]lheight Between'the twé models as a function

of time. They concluded from this curve that 8 ~10 Tevels may be
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reasonable for the short~fange forecasts. It is interestinﬁ to note
that the rms difference is very large for 1000 mb maps, whereas it is
small for 900 mb and increases with higher levels.

The'advantage'of the fburth order finite difference in the short-
range forecasts has recently been discussed by Gerrity, McPherson and
Polger (1972). However, a study on this problem with the full PE model
including physics has not been made, so far as I know. The higher order
difference should be applied to all terms in the modeiu Otherwise the
advantages of the accurate scheme will be Tost, and only the disadvantage
might show up, because the higher order difference tends to lead to
'computationaT instability and makes it more difficult to maintain the

conservation of the second order moment at the edge of the domain.

METERS

0 12 24 ‘ 36 48 60 HOURS

FIG,3~2 Root-~mean-square differences as a function
of time between an integration with 5 levels
and another one with 14 levels.

(after Chouinard and Robert, 1972)
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The second point is that the aspect ratio of the horizontal and
vertical resolution should be properly maintained, because otherwise,
some imbalance will apbear. This will be discussed later. Third, when
more sophisticated physics are incorporated, the spatial mesh should be
fine enough to resolve the physics. For example, the sophisticated
parameterization of cumulus convection needs more vertical levels.

(ii) Nested grid model

The problem is old. In the 1960's, Birchfield (1960), Matsuno
(1966); and Hi11(1968) studied this problem. A model with a smaller
domain of fine resolution is imbedded in the larger domain model of
coarse resolution; the purpose is economy. There are two types of
nesting procedures. One is the two way interaction between the smaller
domain model and the surrounding model. The other is the one way action,
i.e., the time series of lateral boundary condition is taken from the
larger domain model and is imposed at the boundary of the small domain.
For the hurricane problem, two-way interaction models have been used by
several groups, but for the purpose of the short-range forecast, the one
way action model tends to be more widely used.

Mathematically speaking, there is no perfect solution for the smaller
domain in the nested grid system, in that the grids of the large and small
domain are different. Yet in practice, the nested model is necessary,
and it appears that an imperfect but reasonable solution does exist. In
pursuing this solution, one encounters these questions concerning the
nesting scheme. (i) What are the well posed boundary conditions for the
set of equations in the prediction model, including the consideration of

the finite difference approximation? (ii) Which variables, among many,
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from the coarse mesh solution are appropriate to use for lateral boundary
conditions for the fine mesh? It was demonstrated that methods utilizing
their characteristics are too complicated to be used for this problem.
(ii1) which interpolation scheme is useful and efficient for getting the
fine mesh boundary values from the coarse mesh solution? (iv) In order

to minimize the computational sources of gravity waves, what methods are
useful and desirable in preparing the boundary conditions? 1Is the balance
arrangement required for the imposed variables? (v) Once the computational
gravity waves are generated, which method is best for letting the waves

go out smoothly from within the fine mesh domain to the outside? For
example, is the radiation boundary condition satisfactory? For the
purpose of alleviating the computational gravity waves, are Newtonian
damping methods or the "sponge" method helpful in obtaining accurate
solutions? .

There are several groups that have recently been engaged in con-
structing and using nested, 3-dimensional PE models. One successful
example is Williamson and Browning (1974), NCAR. They used one-way
nesting and took the advected values from the coarse mesh as boundary
conditions and applied the "sponge" treatment. A sample of their results
is Shown here (figure 3.3) for the two-day forecasts of surface pressure,
in which the coarse grid is 5°, and the fine grids are of resolutions
2-1/2°, 1-1/4° and 5/8°.

(i11) Isentropic analysis

In the last 3 years there has been a new surge of interest in the
isentropic analysis (for example, Eliassen and Raustein, 1968, Shapiro and
Hastings, 1974, Bleck, 1973, 1974, Danielsen, 1975, Shapiro, 1975).

More than 20 years ago, the intense concetration of vorticity near the
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frontal zone was pointed out by Reed and Sanders (1953) and Reed and
Danielsen (1959). The importance of this vorticity concentration has
recently been re-examined observationally, theoretically and numerically.

Figure 3.4 is the cross-section of the potential temperature & and
the normal component of geostrophic wind, which were objetively analysed.
Figure 3.5 1is the geostrophic potential vorticity associated with the
front in figure 3.4. This demonstrates that the wind intensity in the
frontal zone has a sharp spatial gradient. It is very likely that this
vorticity distribution is crucial for an accurate prediction of the
frontal waves. The horizontal scale of wavelength of frontal waves is
1000 ~ 2000 km, which belongs to the meso-o scale, and the frontal zone
is of the order of 100 km. The intense vorticity in such a narrow zone
must be represented accurately in the analysis. As seen in this figure,
the vorticity appears to be confined to the area of concentrated isen-
tropic surfaces. Therefore, the isentropic analysis, among other
systems of coordinate analyses, seems to be the most appropriate way
to represent this important atmospheric characteristics.

Figure 3.6 is two examples of 500 mb temperature maps, compared
with NMC operational maps (Shapiro, 1974). The difference in the two
maps is clear. The isentrope analysis gives a sharper gradient in the
temperature field. In this isentropic analysis, the horizontal reso-
lution was grid size = 381 km with 10 vertical 8 - levels. Shapiro
and Bleck think that a finer resolution, say 190 km and 25 vertical

levels, is desirable. Figure 3.7 is the stream function map on an
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Fig. 3.6b 305°K isentropic surface, 0000 GMT, 20 April 1973. Continuous
lines are Montgomery stream function contoured at equivalent
of 30 m. Dashed lines are isobars, contoured at 50 mb.

White areas are clouds obierved by satellite and V are
tornados reported within - 1.5 hours.

(after Danielsen, 1975)
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isentropic surface, where the Montgomery

stream function, i.e..

M= CpT + gz

is used. If the atmosphere is adiabatic, the geostrophic wind on
"~ 8-surface is parallel to the contour lines of this function, and

- otherwise, the case is either non-adiabatic or non-geostrophic.
(1V) SESAME The main target of the project is the meso-scale forecast; namely,

meso-g8 and meso- y, and possibly meso-a . Such effort in this direction

will definitely contribute to the improvement of the short range fore-

casts of less than 2 days. But SESAME (1975) operation has not been

OPENED yet.
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4. Medium range forecasts

4.1 Examples of forecasts s

Here we show an examb1e of the 4 and 6 day forecasts of geopotential
height with GFDL hemispherié general circulation model (Miyakoda et al.
1969). and another example of the 10.5 day forecasts with the GFDL
global finite difference model (Umscheid and Bannon, 1975).

The hemispheric model used is what we call the 1967 version model,
in which the primitive equations on the N=40 (270 km)vgrid with 9
vertical levels are used, and thg moisture and orography are incorporated.

The Cartesion coordinates on stereographic‘projection map, and the
o -coordinate are used. The domain is hemispheric and is bounded by an
equatorial wall which is insulated and free-slip. The number of grid-
points at one level is 5025. The term of vy 1is calculated on the
constant pressure surface instead of the g-surface. The non-linear
viscosity (k0=0.4) and surface friction with a spatially constant drag
coefficient are used. The internal physics, as usual, from the general
circulation models are incorporated.

Figures 4.1 are the geopotential height maps for the prediction
and the observation for day 4 and 6. The blocking ridges over Iceland
were well maintained in the predictions. The general positions of
troughs are in agreement, but the sharpness of the troughs is lost.
A part of the reason for the’smoothness is the adoption of a large
value for k0 in the non-linear viscosity term.

The 1000 mb height maps are shown in figure 4.2. A new cyclone A'
and a third generation cyclone B" were formed over Japan and the East
Coast of the U.S., respectively. They were predicted,'though the ampli-

tude of A' was slightly overpredicted.
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(after Miyakoda,

Fig.4.1
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For this case, Hovmoller's trough-ridge diagram (time-longitude
chart) was constructed for the prediction and the observation for the
height field in the zonal belt between 35° and 45°N (figure 4.3). In the
two week period, a trough at 120°E at day 0, for example, crossed the
Pacific Ocean and the North American Continent and reached 80°W. One
may trace the forecast-observation correspondence of the trough's movement
even for 2 weeks. An example of the wave spectral analysis is shown in
figure 4.4. The wave components are grouped in the planetary waves
(wavenumber 1 and 2), the long waves {3+ 5), the baroclinic waves (6 o
10) and others (11~ 15). These grouped waves are synthesized and shown
in trough-ridge diagrams. The planetary and long waves seem to be more
or less stationary, whereas the baroclinic waves propagate eastward.

Another example of the 10.5 day forecast is shown in figure 4.5.

This was predicted with the global finite difference model on the latitude-

lTongitude grid with N=48 (220 km) and 9 vertical levels. The initial

condition is the global data set for 00 GMT March 1, 1965. The number

of grid points is 18,200, which is far more for the same area than in the
hemispheric counterpart. The internal physics is almost the same as in

the hemispheric model except that here the ground hydrology is predicted

thus affecting the evaporation on land, and the snow deposit affects the

surface albedo.
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Figure 4.5 is the 500 mb height forecasts. The agreement between

" the forecast and the observation is good.  Note that this case was
not well predicted by the hemispheric model for N=40. The reason is very
possibly the effect of the equatorial wall in the latter model. The same
case wés extended to oné monfh by the global model. In the stratosphere;
a polar vortex breakdown occurred;ét 20 days. This even£ waé precisely
predicted; implying that the planetary scale wave pattefn in the‘tropo—
sphere was reasonably predicted as long as 20 days. However, the |

phenoﬁena which followed the breakdown were comptetely mispredicted.

i
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4.2 Statistics of forecast performance

Two experiments will be shown in this subsection; one is based on
the GFDL "1967 version" model, which was explained earlier. (Miyakqéa
et al. 1972)} and the other is on the GISS model (Goddard Ihstitute;g%
Space Studies), New York (Druyan, Somerville, and Quirk, 1975). The¥
latter model uses the globa] latitude-longitude grid of AP = 4; and
Ax = b° (q»is latitude, and » is the longitude), 9 vertical 1evéis
which are equally spaced‘ih o. (Somerville et al. 1974). :Tﬁe space
finite difference scheme in the former is the Arakawa7L111y'$ kinetic
energy consérvation method, and that in the latter is thé Arakawa's
method of kinetic energy tonservation and enstrophy conserVation f&f the
rotational component'of wind vector. The time differencing in the former
is the Leap-frog method with the occasional application of the Eu]er—
backward (Matsuno)‘scheme, whereas in the latter, TASU (Time;a1ternative-
space-uncentered) method is used. The subgrid scale physics are different
in the two models. Non-linear diffusion with k0= 0.25 was used by GFDL,
whereas no explicit horizontal diffusion was employed at GISS. On the
other hand, no vertical diffusion in the free atmosphere was included at
GFDL, whereas vertical diffusion was used for all levels iﬁnthe GISS
model. The parameterization of the ensemble of cumulus convecfipn was
based on the “moisf convective adjustment"” in GFDL, whereas the hodified
Arakawa 1969 version was used in GISS. Other aspects of the two mbde]s
are very simf]ar except in the treatment of soil moisture.
(i) Error growth

Figure 4.6 ijs the tembora] evolution of the rms’temperature error

*dt (ST}Z for & winter cases in the GFDL experiment.
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A similar figure was obtained in the GISS experiment for 6 winter cases,
(figure 4.7). The common features in the two figures are: (a) the
temperature error starts to grow at the surface and at the tropopause
level, (b) the error minimum is near the 300 ~ 400 ub levels.

The GFDL figure indicates that the error also develops rapidly in
the stratosphere. In this picture, we superposed the error development
in temperature in the predictability study (Smagorinsky, 1969), which is
the theoretical growth of error. The magnitudes are therefore much less
than those developed in real data. However, the tendency of the error
development is similar, in the sense that the surface and the tropopause
levels are the regions of error maxima. Summarizing the above, one can
conclude that the way to reduce the overall prediction error is to
suppress these error sources.

Figure 4.8 shows the rms height error, VE(@Z)Z, for the 1000 mb
Tevel in the GFDL experiment summarized for the 14 days of 12 winter
cases. This may indicate that the surface errors are particularly large over
the Aleution, Iceland and the North Siberian areas. The reasons why
these areas have large errors are: (a) the activities of the distur-
bances are large in these areas in the winter, (b) the sea surface
temperature was not adequately specified, and (c) the heat transfer
processes in the model may be responsible for much of the error.

The wind error growth is quite different as seen in figure 4.9,
which was obtained in the GISS experiment. It is understandable that

the error maximum appears at the 300 mb level.
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(1) Verification scores
The measures of skill which are used are the standard deviation of

“error, the correlation coefficient between the observed and the predicted
hei1ght sromalv

The erri: ot geapotert:a ne ght, z, is 4 zen hy

52(t) = Z(t) - Z(t) L A

and the anomaly is defined by

az(t) = z(t) - Z, (4.2)
where Z. is the normal height.
The spatial average is defined by
- 1oy,
X = im i
r 1 |
i m2 R _ | (4.3)

where Xi is an arbitrary variable at the gridpoint i, m is the map scale
factor. Except for mountain areas in the lower troposphere, the summation
is made over all gridpoints north of 20°N. The ensemble mean for a

sample of 12 winter cases is

E(x) = &17- | (4.4)

Thus the rms error is

rms = ‘/(5273 | | (4.5)
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For comparison, two auxilliary measures are used. One concerns the per-

sistence; that is,

Persist = E'v {zt(t) - zt(o) RN \ - (4.6)

where zt(o) is the initial condition, and the other concerns the norma1;"

(or climate) that is,

(4.7)

These two measures indicate the rms error or the standard deviation of
error for two types of "no-skill forecasts,";the first predicts that
initial values will not change, while the other predicts the climatological
(normal) value.
Another group of scores finvolves corre1ation_coefficients. The correla-

tion for the anomaly is given by

s7,(8) 87,(t) |
correl. anom = (4.8)

Q/ (Azp)2 Q/( Azt)2

As an auxiliary score, the correlation for persistence is taken and is

defined by

o) az.(t)

N

correl, persist. = E (4.9)
: - SR v AZJO)ZJAZ“t)Z» o
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As known tblthoséxWhoiéFé‘acqhéfnted with verification statistics
these scores are not independent of each other. Let us write '

zt(t) =z + Az, (t)

n t(
and

z (t)

. . . o ’ . = i
D z, D zp Azp(t) o ',,‘? 10)

A zt,,is.the anomaly, and sz is the systemati; bias of the zp. For

convenience of discussion, it is assumed that

p : : ‘
: sz-'AZt(‘t) BRI | S R ¢ SR B D I
and i
Azt(t)2 - w2 : (4.12)

where w is the intensity of anomaly, which we assume is not a function
of t.

With these assumptions, one can readily show that, for t » =

norm. - W
persist. + V2w | - - (4.13)
ms o > N2rqw
where —»B-Z A
z : ;
q = P - o (4.14)
2w2 :

This means that the persistence error at it§ asymptotit 1e9e1 is iJEinmes
larger than that of the normal (Thompson 1961, D88s 1970) because both the

forecast and the observation deviate from the normal.



~-428-

The 1000-mb standard deviation curve (figure 4.10) crosseé the normal
curve at the 3rd day but does not reach the level of persistencé until
the 7th day. On the other hand, the standard deviation curve at 500-mb
is always lower than persistence %br the 2-week period, and ft ;rosses the
normal curvé at the 5th day. The 50-mb standard deviation is always
higher than the persistence level. It is interesting to note‘that the
score becomes slightly better at 4-6 days relative to pefsistence. This
tendency is also noticed in the correlation coefficients, as will be
seen later. Perhaps this is related to the "initial adjustment"; namely,
a considerable discrepancy between the initial condition and the model
solution is produced partly by the incomplete initialization and partly
by the model bias in the stratosphere. o

Figure 4.11 and 4.12 are the rms of 500 mb height error and sea
level pressure error, obtained in the GISS experiment, where 6 winter
cases were taken from one winter. It is difficult to compare the
performances of the two models. Overall, it seems that the skill in
both models s similar in spite of the fact that GISS has coarser
resolufion. |

Figure 4.13 shows the correlations for anomalies of the 1000¥, 500-
, and 50-mb heights. As in figure 4.10, the area between the enve10pe
for 10 cases is shaded, and persistence is also indicated for reference.
The correlation at 1000 mb becomes zero at the 9th day, but the curve
crosses persistence on the 6th day. For the 500-mb correlations, the
mean of the 12 cases starts at 0.9, decreasés monotdnicaTiy, and drops

to near zero at the 11th day. Although the ensemble mean of 50-mb
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coefficients is positive for the entire 2-week period, it is always
Tower than persistence.

Summarizing the GFDL and GISS experiments, it is concluded that (a)
500 mb forecasts have better skill than 1000 mb forecasts, (b) the skill
of summer forecasts in terms of the correlation coefficient is better
than that in winter forecasts (not shown here) (c) the skill of 500 mb
forecasts becomes 0 at 10 days in winter, whereas the skill of 1000 mb -
forecasts becomes 0 at 6 days,”(dj.the"500~mb forecasts are better~th;n
persistence for at least two weeks; whereas the 1000 mbkor SLP foreCaéts
are better than pérsistence for 6 days. o | :

(ii1) Spectral analysis of forecasts |

Figure 4.14 compares phe observed and the predicted spectra of geo-
potential height for thé bé]t between 35° and 45°N at the 1000-, 500- and 50-
mb levels. Both the observed and the predicted curves are calculated
by averaging the spectra over 4-14 days Q%ﬁng 12 cases. The spectra for
the January normals are also calculated and shown for comparison.

In the results for 1000 and 500 mb, large discrepancies of the
predicted amplitudes from the observed are noticed at wave numbers 1-3.
This is a serious problem that has already been discussed to a certain
extent by Miyakoda et al. (1971). Surprisingly, higher horizonté] grid
resolution is apparently needed to improve the amplitude of the planetary
waves. We speculate that these waves are the.so-called "forced Rossby"
waves and are influenced considerably by condensational heating. Note
that the amplitudes of the predicted cyclone waves (wave nos. 6-10) are
also smaller than the observed. This suggests that the predicted rate

of energy release due to baroclinicity in the medium spectral range is
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too weak, ézresu]t, in part, of the erroneously large viScosity dissi-
pation. |

At the 50-mb level, the situation is somewhat different from fhat
at 1000 or 500 mb. For all wave numbers except 2 and 3, the prediéted
amplitudes are larger than the observed. This can be seen byvinspecting

the predicted maps.
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Prediction performance of the solutions is assessed for each of the
four spectral bands. The following verification measures are used: the
correlation coefficient for anomalies of height (labeled "Anomaly"), the
correlation coefficient for the total height; that is, normal plus
anomaly (labeled "Total"), and the correlation for persistence of the
initial anomaly (Jabeled "Persist.")

_Figure 4.715 presents the scores averaged over the 12 JanUary cases
for the 500-mb height. Numbers are plotted along the abscissa in these
figures; for example, 8 is the number indicated for waves 1-2 and 10 for
waves 3-5. These Aumbers indicate the days at which the correlation for
anomaly becomes zero. Therefore, the Timits of predictability of the
500-mb height with this model are approximately 8 days for wave numbers
1-2, 10 days for waves 3-5, 8 days for waves 6-10, and just 3 days for
waves 11-15,

4.3 Simulation of time averaged maps

Geopotential Fields

Hemispheric mean maps of 1000-, 500-, and 50-mb geopotential heights
are computed both for the observed (Zobs) and the predicted fields
(Zpred)’ averaged over 4-14 days in 12 cases (figures 4.16, 4.17, 4.18).
The.height differences; that is, the predicted minus the qbserved geo-

potential, are also shown bz = The observed mean 1000-

Zpred B Zobs)°
and 500-mb maps are similar to the January normal maps by Crutcher and
Jenne (1970) (not shown here). indicating that the sample numbers taken

in this study are sufficiently large for calculating mean maps.
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The height errorsin this experiment are by no means small; the maxima
are more than 100, 150, and 350 m for 1000-, 500-, and 50-mb fields,
respectively. They are roughly composed of two modes: one is concentric
around the pole, and the other is of zonal wave numbers 2 and 3 for high
and middle Tatitudes, respectively. The latitudinal distribution of
error is quite systematic; the modes of error are, from the Equator to
the pole, lower, higher, lower, and higher. These features are consistent
with the facts that the calculated subtropical jet stream is too intense
and its latitudinal position is shifted poleward.

Zonal Wind

The meridional cross-section of the zonal wind is shown in figures
4.19 and 4.20. Overall, the observed and predicted zonal winds coincide
well. It is important, however, to note several discrepancies. The
predicted subtropical jet at the tropopause level in figure 4.19 is more
intense than the observed Jet. This feature may be related to the
vertical transfer of momentum (Li1ly 1972). Also, the observed winter
westerlies in the troposphere at high Tatitude, say 65°-75°N, has another
intensity maximum, and this peak is assoéiated with the polar frontal
zone, as indicated by Palmen and Newton (1969). The predicted intensity
of these tropospheric westerlies is too weak.

Figure 4.20 is the result of the GISS experiment for the 2nd week
and is an average of the 6 cases. In this result the wind intensity in
the forecast is weaker; this is logical because vertical diffusion was

included.
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Eddy Kinetic Energy

The definition of eddy kinetic energy, KE’ is given by

— )

where u' =.u - u and v' - vV - V, are the eastward and the northward
eddy components of the wind vector, respectively, and o is the air
density. The bar notation denotes the zonal average with respect to the
longitude,

The meridional cross-section of KE shown in figure 4.21 was obtained
by the same averaging process as was used to obtain the temperature or
zonal wind. The figure clearly indicates that the model eddy kinetic
energy. is weaker than the observed. The computed intensity is lower by
25 percent. Miyakoda et al. (1971)4mentioned in the study of nonlinear
viscosity that, if the viscosity coefficient is reduced to 0.10 (0.25 in the
present study). the predicted ratib KZ/KE is close to the observed
value, KZ being the zonal mean kinetic energy. Reduction of the coeffi-
cient is difficult, however, because the solution becomes computationally

unreasonable (a lot of wiggling).
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5. The energy sources and sinks in the atmosphere

The current concensus on the picture of the energy cycle in the
atmosphere-earth system is shown in Figure 5.1 (Oort, 1971). Let us
assume that the sun provided 100 units of energy to the atmosphere.
Among them, 30 units are reflected back to space intact, 50 units reach
the earth's surface, and 20 units heat up the atmosphere directly.
Among the 50 units reaching the surface, 20 units are reflected back to
space, and 30 units are absorbed by the soil and water. Then among 30
units of energy, 24 units are given to the atmosphere in the form of
evaporation and 6 units are emitted to the atmosphere from the earth as
sensible heat. In any event, 30 units of energy are added either in
latent or sensible heat to the internal energy of the atmosphere. We
have now 50 units of energy. Among them, only one unit is converted to
kinetic energy.

(i) Heat fluxes from the ground surface and condensation of water vapor

Figure 5.2 shows the vertical distribution of heat. Six units are
emitted as sensible heat to the atmosphere, and 24 units are received
from condensation of water vapor and 20 units of energy are added to
heat the atmosphere directly in the form of short-wave radiation. All
of this energy is eventually emitted back to space by long-wave radiation.

The mechanism of release of latent heat is not simple. VYanai and
Esbensen (1973) calculated the vertical distribution of the moisture
sink and heat source from observed data. (see figure 5.3) Whenever the
condensation heat is released‘as a result of cumulus convection
the vertical transfers of latent and sensible heat are intensified.

Q2 and Q] are the moisture sink and the heat source, respectively,
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" sink @ (dashed). On the left is the radiational heating rate given
by Dopplick (1970).

(Yanai, Esbensen and Chu, 1973)°

calculated from observatiohs of water vapor and temperature. The effect

of eddy transport inside cumulus clouds is partially included in Q] and 02

Theyare defined by

Q =L(ce) - & STut+Qp

P

3 T
Q2 L (c-e) + L 5p G'w

where ¢ is the rate of condensation, e the rate of evaporation, QR the

radiative heating/cooling, L the latent heat, q the mixing ratio of water

vapor, s the static energy (=CDT* g;).‘ Q1 corresponds to the curve in
figure 5.2 marked 24 units. |

How the sensible heat and‘lﬁtent heat are emitted from the earth's
surface and how the eddy motioném{n éumﬁ]us clouds transport the moisture

and internal energy vertically are the major problems in the model's

physics other than the main dynamics.
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The vertical distribution of heat as well as the horizontal distri-

bution of heat are the important influences in controlling the large scale

dynamics of thg atmosphere, though the latter is rather the solution of
the model.

Figure 5.5 was constructed by Newell et al. (1970). The top figure
is the net radiative heating, the middle is the sensible heat near and
inside the boundary Tayer and the lowest is the latent heat release. As
is known, there are three belts in which centers of condensation heat
exist. Tropical release is the largest and is mostly due to cumulus
convection. The middle latitude condensation is partly due to cumulus
convectioﬁ and partly large scale condensation. If the three sources
and sinks are added together, the result is figure 5.6. Similar data was
obtained by Somerville et al. (1974) from their model calculation
(figure 5.7). The upper figure is the large-scale supersaturation, and
the lTower 1is due to cumulus convection in the GISS model. Figure 5.8
is the rate of heating due to moist convection, condensation and vertical
mixing calculated by Manabe and Terpstra (1974) from the global climate
model with the modified Kurihara grid..

Comparing these figures, the maximum heating at the equator is
2:8°c/day in the result by Newell et al., 1.5°c/day for Somerville
et al., and 4.0°c/day for Manabe et al.

(i1) Conversion between potential and kinetic energy, and the kinetic
dissipation.

Although the amount of energy that is converted from internal (or
potential) energy to kinetic energy is small, the process is extremely
important in the energetics.of the atmospheric circulation. This

energy is the manifestation of jet streams or the winds associated with
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troughs, etc., and they are indeed the targets of our weather forecasts.
The smallness of the amount of converted energy is indicative of the
‘delicate imbalance from which the kinetic energy is generated.

The kinetic energy equation averaged over a horizontal domain is
written as

-H  —H ;

K e~ H : - :

= - = +[-Vevo ] - e(k) + b(K), (5.1)

op '

where K= %—(u2+v2), the kinetic energy, 5H is the horizontal average,

ok
at

e(k) is the dissipation of kinetic energy, and b(k) is the effect of

lateral boundary on K. The second term on the right hand side is the

work done by the gradient force of geopotential height, and it is rewritten

as |

= H H

H |
- Vvl = - ig% + [-wal R (5.2)

. —H _ v , : . :
where o = RT/p, (- wa) 1indicates the conversion of the potential

energy to kinetic energy, and - E%%» is the divergence of vertical flux
of height.

Figure 5.9 shows these terms obtained in the numerical general
circulation studies (Smagorinsky, Manabe, and Holloway, 1965). As seen
the generation of kinetic energy, JGE“H , appears maximum at the 500 mb
level. The vertical flux of geopotential height is directed upward
above 700 mb level, whereas it is downward below that Tevel. This
implies fhat~the’kinetic energy is produced in the middle of the troposophere
(probably due fo the baroclinic instability), and it is then‘transferred

upward in the upper‘portion of the atmosphere and downward in the lower

part. As a résd]t, the evenfUa] distribution of produced kinetic energy
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expressed by the term, - W-V¢H, shows two maxima, one at 300 mb and one
near the ground surface. This kinetic energy is next to be dissipated
by viscosity in two principal regions; one is in the planetary boundary
layer (PBL) and the other is at the lower portion of jet stream.

Figure 5.10 is the budget study of kinetic energy by Kung (1967),
using observed data over North America. The distribution of - 6755 is
simi1ar to that in figure 5.9, though the dissipation near the surface
is much larger than that in the free atmosphere. It is interesting to
note that the dissipation (E in the figure) in the lower portion of the
atmosphere takes place not only the PBL but also in the layer up to 700
mb.

The distribution of - ug’ is shown schematically in the meridional
section (figure 5.11), where (~_3A is the zonal average. There are 4
major sources of kinetic energy or the conversion of available potential
energy to kinetic energy. They are two mid-latitude sources at 650 mb
Tevel in the northern and southern hemispheres, respectively, one equatorial
source at 300 mb level and one polar night region in the stratosphere.

The kinetic energy thus produced is then vertically redistributed in terms

—
of - wp 5 the direction of the propagation is indicated by arrows.



-455--

6 =5 -4 3 -2 -V 0 1. 2 3 4 5 & 3

900 -—(\

e

.08 =.05,-,04 -,03 =02 -.01 -.00. .0l .02. .03 .04 ..05 .06 .07

.03

5 d
- a’.H -yivV¢ (JOULE/CMZ,,;MB. DAY) ——

Fig. 5.9 (Smagorinsk.yt, Manabe and- -
- * “ Holloway, 1965)

.09



mb
S0

-456-"

70
100

1]

150 —

- 50—

350 —

p 500
550 —

00—
50—
800 —
80—

9001

-
g

el
r
el

g B

S

P

P

Annual mean
(00 and 12GMT)

950
Su rfaceml_ ©

Fig.5, 10 -Multi-annual mean vertical
balance for the 5-yr. period (

(after Kung,

]
™
[ ¥ AP S Y e i

twatts/m?) / 50mb

1967)

0.5 L0

profile of the kinetic energy
average of 00 and 12 gum



~457--

Polar - \53 '
night
+ Tropopause
11 o — - -— oa
Pole Equator Pole
winter surnmer
+ - wo >0 y

Fig. 5.11



-458-"

6. The subgrid-scale physics in models

The physics of radiational transfer, condensation of moisture,
turbulent transﬁer, énd the kinetic energy dissipation are the important
procésses assoéﬁétédkwith the formation of the energy sources and sinks
in the atmosphere, and therefore, these effects should be incorporated
in numerical prediction models. The mechanisms of these processes are
related mostly to the spatially small scale disturbances or even molecular
processes.

It is one of the basic characteristics of numerical models, however,
thaf these small scale disturbances can not be included explicitly. This
is because (1) the model's atmosphere is discretized by mesh or the dis-
tribution of meteorlogical varaibles is represented by a truncated series
of the expansion of orthogonal functions, and (ii) the mechanisms
responsible for these physics are neglected by assumptions (for example,
the local buoyancy force is ignored by the hydrostatic assumption).

The reasons (i) and (ii) are related to each other in some way. It
is often the case that the detailed mechanism can not be properly treated,
even if the process is included in a model, because the 5patia1 resolution
is too coarse. In any event, these transfer or conversion physics in
subgrid-sba]e are indispensable for simulating the general circulation.
One compromise is to include the bulk effect or the ensemble effect of
these processes by by-passing the real, detailed processes. The formu-
Tation of the ensemble effect in terms of grid-scale variables is called
the "parameterization." If the parameterized process of the ensemble

effect is adopted, one should, of course, abandon the deterministic
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pred1ct1on of the sub grid sca]e phys1cs
Thus the parameter1zed processes that are cons1dered necessary for
the medlum—range forecasts are: (a) rad1at1on, (b) surface heat ba]ance,
(c) drag and heat transfer in the surface 1ayer, (d) PBLftransters,
(e) convection due to gravitational 1nstab111ty, (f) verticaltmiktho;
(g) large scale condensation of water vapor, (h) cumu{us convectioh, and
(i) lateral mixing. | -
We will outline some of these subgrid- sca]e processes below;
though radiation is om1tted. In this sect1on, however, we will not touch
on the sophisticated parameterizations but wi]i come back to them in‘

the later sectiohs.

brocess (b): ‘Surface heat balance

32100y
0. 37 Long wave
Insolation radiation

S . A.S Ft

<F;)s | L;(Fi)s

//////V'f// 777 7 //r///‘-/{/,7,,
| [A ORI , -

F lL change of heat ? v
soil contents Heat used for melting
ice or snow
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3 - . ‘
A 5E-(C ) Tg) (1 -A) «S+ Fy - Fy
) (Fo)s Fooin = L qu)s - by (6.1)
where
S: solar radiation arriving at the surface
A:  albedo of ground surface

(1-A)S:  absorbed solar radiation

Ft:  Net downward long wave radiation
Ft:  Net upward long wave radiation = & T :
(FG)S: Sensible heat flux to atmosphere
Fsoi} Heat conduction from sub-surface (soil, for example)
L(Fq)sz Latent heat flux to atmosphere
EX: Heat used for melting ice or snow
L: Latent heat of condensation
Process (c) The drag and heat transfer in the surface layer

The drag, heat and moisture transfers in the layer near the surface
(the surface and constant-flux layers) are written in the simplest way

by the aerodynamical method, i.e.

,.\
&8
wn
4

pe CDI \V(Zk)|°\v(zk)~ (6-2)

——
T
e

!
©

ol = P Dw |{e-e } (6.3)

(Flpot™ o+ Cprl ¥z ag, (1)) - alz) } (6.4)
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and

(F ) = Dwx (F)

q’s q’pot’ (6.5)

where CD is the drag coefficient and Z, is the roughness length, Zk is

a level inside the constant-flux layer

¢y = tk/l0g (z,/2)} 2 (6.6)

Lowest level in model
T

Zo e roughness length

Tg ,? Fa
r0 07 777777

T ,F;, Fq are the stress, heat and moisture transfers, respectively.
9eat is the saturation mixing ratio of water vapor, TS is the surface
temperature, the suffix S means the surface}Dw is a "wetness' index for

the degree of availability of ground water.

I . o :
0, W ~ (6.7)

where W is the soil moisture, and W, is the maximum capdty of soil moisture.

W is determined by an equation, and Wk is specified. The drag coefficient

Cp is given by Kung (1966).

over sea CD = 1.17 x 10'3 winter

1.07 x 10-3  summer

over land C, = 3.3le.1053 winter
: 3

5.24 x 10 summer
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The vertical mixing in the planetary boundary layer

and the free atmosphere

Neutral mixing-length method

3V

= 0Ky 337

(6.8)

(6.9)

(6.10)

The eddy coefficients are given by

2 a3V - -
155 15 Ky = Ky = K

M H q (6.11)

where the mixing length & is

L=k (z+ z.)s zZ 2z
Z, -2
+ &
ko (Zk zo) z -z ° < ts
m k
0 Z, < Z

Zm 3 km
Zk 10 ~100 meters
Zo
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Process (e): Dry Convective Adjustment

If the atmosphere is unstably stratified relative to the dry
adiabatic lapse rate, the hydrostatic equilibrium breaks down, and
consequently the Tocal convection occurs. As a result of the convection,
the atmosphere will regain the neutral stratification. The method that
is most frequently used fof the treatment of this proceés is the "dry"

. convective adjustment.” The scheme operates as follows:

(i) When the lapse rate of a layer exceeds the dry adiabatic lapse
rate, the effect of convection is to give rise to a neutral lapse rate
throughout the unstable layer.

(ii) The static energy S=(CpT + gz) (of entha1py), rémains unchanged

under the adjustment. These processes are expressed as

d

55 o(T+ 6T,p)=0, S (6.12)
5 [
g 7Py §T dp = 0, : (6.13)

where 8T is the change of temperature_due to the convective adjustment.
and PT and PB are the top and bottom’ofvthe layer.

The temperature change at the‘central level may or may not cause more
unstable lapse rate in the neighboring 1ayers; If the former is the case,
this process is iterated until the unstable lapse rate is removed.

Process (h): Moist convective adjustment

The conditional unstable stratification is directly modified and
adjusted so that the instability is removed. This concept stemmed
originally from the theory of radiative-convection, but more recently,

from the studies of atmospheric general circulation, i.e., Manabe,
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Smagorinsky, and Strickler (1965). By this method, the conditional
instability is continuously removed from the solutions of the general
circulation model. OtherWise, there is a possibility that the computational
breakdown may occur.
The principle is the following:
The moist convective adjustment takes place, if the atmosphere is
saturated in any layer where conditional instability prevails.
(i) The equivalent potential temperature is adjusted to be equal
in the vertical throughout the unstable layer.
(i1) The moist static energy (CpT * gz + Lq) remains unchanged
under the adjustment.
(111)The relative humidity is bounded by the saturation value.
(iv) ATT the moisture condensed precipitates instantaneously.
‘The mathematical processes are written, by denotingAthe changes 1in
temperature and mixing ratio of water vapor due to the convective adjust-

ment by &T and &q, as

3 —

) 0,(T + T, g+sq,p)=0 , (6.14)
At 8q=Y.eq. (T+sT,p) (6.15)
P |
1 (Cp- 6T + Lo 6q) dp = 0 (6.16)

g 7 Pp

where 6a is the equivalent potential temperature, i.e.,

8, = 8-exp (L»q/CpT) . (6.17)
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9 is the satUratioh‘mixiﬁé'ratid. 'It'is a]sq noted that there is a.,

relation between éé and the“MOist‘stétic enefgy (CpT + gz + Lq)_ag,fq]]qws

98

€ x . B_(CT+gz+Lq) (6_.18)

-C ‘
P 6, 3p ap " p L T T

m,—-l

The condition corresponds to.the "moist adiabat" where the lapse rate ‘is

- . 0.622:L-eg

I“I :BJ-_ » p+YCx RT » » ‘

SR pew xoezeel s (6.19)
T dat

where r_ =1. In practice, Y.~ 0.8 is often used:

Criticism:
(1) 1In reality the cumulus convection caii occur even in ihe’éaseléf 16w
relative humidity; say 60%, whereas the convective adjustment requires the
relative humidity to be .the saturation value. (2) The instantaneous édjustment
produces ‘a considerable amount of "shock" to the mdde]'s7computationtvyzv
(3) In reality the lapse rate of temperature often exceeds that of the
moist adiabat in the low atmosphere of the tropics, whereas the adjustment
forces fhé'equiva1ent potential temperatdre to be ééﬁal in the vertical.
Attempts to alleviate the difficulties:
(15' 80% is used for the saturation value of re]ativé humidity,v
(2) In order to reduce the "shock,”:Gadd aqd‘Keers_(]970).gsedlﬁhe=
fo]]owiﬁg adjustment. o ) -
fd e e e Sy
c o (6.20)

ry ( %11 )-+ rm(f_:_fc ) for resrel,
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of equivalent potential temperature, ¢ during
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from Warsh et al. (1970).

T.N. Krishnamurti and Masao Kanamitsu,
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whe v S tre A red apee gre T4 and m AE e Ty and meist
adiabatic 1apse rate, respective]y, r is the relative hum1d1ty in tenths
and re is an emp1r1ca1 cr1ter1on which was 0.5 1in pract1ce

(3) Kurihara (1972) tried to include the effect of the entrainment

using the lapse rate

L
FC = Fm + E Cp + 0.622-L Efi_ (qs -q), , (6.21)
' p dT

where E is the entrainment factor which is inversely proportional to /q.

The merit of the scheme of moist convective adjustment is simplicity,
and therefore, it is easily incorporated in a general circulation model which
R - o in Othk'>;1" R

e el :tm;;p;v -.othe equive =rt Sotert s edips Lt e 1t botes
vertically as in figure 6.2. In the undisturbed case,the lapse rate below
700 mb level is conditionally unstable, whereas the lapse rate in the
disturbed case comes close to the neutral.

"CISK method (The conditional instability of second kind)

The cumulus heating is assumed to be proportional to the vertical
motion at the top of the Ekman boundary layer. In the early attempt at
hurricane simulation, the "conditional instability" alone in the conven-
tional sense was considered. It was demonstrated that the instability did
not produce hurricanes, but only a single cumulus convection. In order to
remove this difficulty, Ooyama (1964) and Charney and E]iassen (1964)
proposed new hypothesis on the heating. ‘Based upon the ésSumptioh that,
cumulus clouds develop in the areas of boundary layer convergencé and are

permitted to penetrate into the upper unsaturated atmosphere, they hypothesized
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that the heating is expressed by a formula as

. (u*
o Q - - (6.?2)
'é;rf - -+ } Ekman layer
Ny . . . RT  *
where S is the index of static stability ( = -qgayg ne/sp), o = ~B-, w
is the vertical motion at thetop of the boundary layer, which is given
by
* 1 .
w =5 D §g~s1n 29, (6.22)

DE = /5?7; the Ekman depth, K is the kinematic eddy viscosity,
¥ is the angle between the surface geostrophic wind and the surface
isobars, Cg is the vorticity of the surface geostrophic wind (exactly
speaking, gg should be the curl of stress in the boundary layer), n is a
non-dimensional parameter which is related to the rate of entrainment
and accordingly determines the vertical distribution of heating. Using
this formulation, it was possible to demonstrate by the 1inear
analysis the maximum growth rate for scales of a few hundred kilometers
instead of the scale of cumulus. Further, it was shown that if n > 1
the hurricane develops and otherwise there is no destabilizing effect.
Thus it is clear that the conditional instability which Teads to the
development of tropical cyclone is different from the conventional one.
In this sense, Charney called new instability the Conditional Instability

of Second Kind - CISK.
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Criticism: New problems were, however, noticed; the hurricane developed
unlimitedly (Ooyama, 1964 and Ogura, 1964), and the vertical distribution
of nis not properly specified,though Yamasaki (1968) gave an arbitrary
functional form of n. This scheme, CISK, is convenient for theoretical
studies and has been used extensively and successfu]]y for the studies

of tropical waves. However, the scheme has not been constructed to be

usable for the general circulation modelling.
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Kuo's type method

Different from the "CISK" method, Kuo's method specifies the vertical
distribution of heating. The heating in the free atmosphere is assumed
to be dependent on the temperature difference of ﬁhe model cloud and the
cloud environment. It is then postulated that the heat and moisture
exhange between clouds and the environmental atmosphere takes place
instantaneously by lateral mixing. The procedure is described later.

Process (i) Lateral Mixing

The grid-volume averaged Navier-Stokes equations are written as

AU, dU. 32U, du3u
i 3 P i 27k
e b RS —— e, -y -
it eay TG Ly EY T
kand j = 1,2,3 (6.23)
Bu,
o 0 (6.24)
i
2-dimensional case
i ﬁu_(§ﬁ1~+a%2)’ (6.25)
ot A BX] p BX] aXZ
8 u
_ 2.2 o gk, K2 ) (6.26)
at A 8)(2 o) X 1 8)(2 ? ’
where /Eij is Reynolds stress, j.e.,
T..= q.u. (6.27)

1] 13

Smagorinsky (1963) derived the formulation of the eddy viscosity

term based on an assumption on the rate of strain of fluid analogous to
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that of an elastic media. The assumption is that "the shear stress is

linearly proportional to the rate of deformation,” i.e.,

ij iJ

where Dij is the deformation of the averaged flow defined by

. U. u
D.. = é_u_l.pi_l_ S _a__k
ij axj BX i axy
6ij being the Kronecker's delta. Using the assumption of energy spectrum,
k'5/3, one obtains

du _ 3 p 3, 3
at - " axe ‘tax s (KDp) gy (KD,
dv _ 38 p 3 3
dt =~ " a3y op T ax (K Ds) T a (K D-r)’
- - au _ o9V
Dp =Dy = - Dy = 5%~ 3y °
e 'R 1
Dg =Dy = 0y = 5y ox

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)

If it is assumed that |D| 1is constant everywhere, K is constant and the

parameterized Reynolds stress is written as

i

H
Qi
>
° o

<

+ K v2u,

|

a_ P 2
5 o + K vev,

jaB
= s
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On the other hand, if K is a function of |D| that is variable in Space,
this parameterization is called the "non-linear viscosity" formulation;
the concept is similar to that in the planetary boundary layer i.e.,
the vert1ca1 eddy viscosity coefficient is proportional to]a v |
According to the exper1ence of practical ‘application, it seems desirable
that the eddy coefficient is variable. As the value of ko’ Smagorinsky
used k0= 0.4, which corresponds to Karman constant, whereas Deardorff
considered that k°= 0.14 is appropriate based on the result of laboratory
experiments.

L. F. Richardson derived empirically that the effective diffusion
coefficient is proportional to 4/3-th power of the characteristic scale.
This is interpreted as

K ~as?/3

In (6.33), one can show that [D]«,A§=2/3 » and accordingly, K «~A54/3.
It is worthy to mention that the equations (6.30), (6.31), and (6.33)

can be approximately derived the *closure model" Lilly, 1967, (Deardorff, 1973)

e (/—fz‘f- 85)% || o, (6.35)
k .
u,6 = g (;é? 25)° [D| %%, , : (6.36)
1

where 5/2 was derived by Schemm (1974). One criticism of lateral eddy
viscosity parameterization is that, (a) KO should be small, but often
large KO s used to aid computational stability, (b) the optimum KO
could depend upon the mean flow, (c) a counter-gradient 6;6 and 5

is precluded, (d) Leith (1968) pointed out that the grid-cut is normally

in the range of k‘3 instead of k“5/3. In that case, the eddy coefficient
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Ko (a8)° vz, | - (6.37)
= v _3u , e o k
C= X "oy | - (6.38)

The eddy coefficient K is proportional to (AS)Z.
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7. Effects of the subgrid-scale processes on the general circulation

In order to investigate the impact of the subgrid-scale physics on
the general circulation, a comparison test was made by including or
excluding some processes in or from-a prediction model (Miyakoda and
Strickler, 1975). First the simplest 3-dimensional model without any
}subgrid-scale process (the mountain is included) was run with a real
data initial condition for a winter case. This run blew up at 2-1/4
days. It was found that a gravitational instability occurred over the
;Hima1ayas. For the second trial, therefore, the simplest model with the
“hdry convective adjustment" was used. It'ran for 10 days without any
trouble. However, the predicted flow fields contain considerable wigéling
%ndicating the proﬁuction of computational gravity waves. Thus the
§imp]est model is the model in which the basic three-dimensional dynamics
with a dry convective adjustment and the lateral eddy viscosity terms
included. Let us call it "Model 1.

In this Way, 4 models with different degrees of parameterization
of subgrid-scale processes were prepared for sensitivity testing.

Model 1: Dry convective adjustment, Lateral mixing.

Model 2: Physics in Model 1, plus Surface drag (CD is constant

everywhere), and Vertical momentum diffusion up to 3 km.

Model 3: Physics in Model 2, plus Insolation and long-wave radiation,

and Sensible heat flux at the surface.

Model 4: Physics in Model 3, plus Water vapor cycle, Heat release

from condensation, and Moist convective adjustment.

s
- -
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As seen, Model 4 is a full general circulation model, though the
prediction of soil moisture, and the feed-back effect on the earth' S
albedo, etc., of snow ‘accumulation are not incorporated. The d1fference
between Model 4 and Model 3 is exclusively the processes related to water
vapor. Applying these models to a January case, 10 day forecasts were
carried out with each model. The results are shown by the forecast maps
as well as the prediction scores of the rms errors and the correlation
coeff1c1ents verified against the observation.

The 4th day forecasted maps of geopotential height contours at
1000 mb Tevel are displayed in figuré 7.1, where the NMC analysis is used
as the observation map. It is prbnounced that Model 1 map has an extremely
large amplitude due to the omission of the surface friction.

In Model 2, the surface drag and the vertical diffusion of momentum
was included. Accordingly, the amplitudes of the predicted 1000 mb
height patterns were appreciably reduced. Comparing to the observation
it appears that the reduction is excessive. Furthermore, cyc]onés over
the ocean were totally suppressed probably due to the omission of 1and -sea
‘contrast Model 3 improved this point. Particularly the positions of
anticyclones and cyclones were well adjusted to the ocean and continent
distribution. We experienced in other experiments that the presence of
ocean-continent contrast is crucial for a 4 day forecast of a rapid
development of a cyclone over the ocean.

In Model 4, the amplitudes of the waves were considerably increased,
particularly over the ocean. Cyclones and anticyclones are now_Tocated
at the right pbsitions; %or example, see the Atlantic anticyclone. Note
that the wiggling is increased in the 1000 mb map of Model 4, probably

due to the "moist convective adjustment."
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These features can be seen in the verification scores. Figures 7.2
and 7.3 are the rms error of 1000 mb height, and the correlation coeffi-
cient between the observed and forecast anomalies of 1000 mb height as a
function of time. The rms error shows that Model 4 gave the best résu]t
for 7.days, then Model 3, Model 2, and Model 1. The error of Model 1 is
very large. These points agree well with what we saw in the maps. On

the other hand, the correlation curves indicate that the skill is in the
| order of Model 4, Model 1, Model 3, and Mode] 2. The correlation
coefficients tend to indicate the degree of phase coincidence between
two maps, whereas the rms error reflects more the ampliitude coincidence.
It is iﬂtekestiﬁg to note that Model 1 is the 2nd best. This may imply
that the surface drag might tend to destroy the useful information in
" Model 2, where the value of the surface drag coefficient is equally
CD = 2 X 10“3 over land and sea. In Delsol et al. (1971)'s study, it
was pointed out that the impact of the land-sea difference in the surfaée
drag coefficient is very large.

Let us next proceed to the 500 mb maps (figure 7.4). The difference
~of forecast maps is delicate, and yet one may see that Mgdel 1 is the
best; Model 4 1is also good; but Model 2 and Model 3 are poor. It is
surprising that in Model 2 the surface drag and the vertical mixing
modified the flow patterns in the upper Tevel appreciéb]y, The trough
over the U.S, and the cut-off cyclone over the Caspian Sea were considerably
damaged. In Model 3 the flow pattern became further deteriorated; the

contours are very smooth.
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Furthermore, the value of gecpotential height in the tropics is noticeab]y
decreased compared with the observation and other forecasts. It appears
that the dry convective adjustment was much too active due to the increase
of vertical instability which resulted Soth from insolation and from

the specification of sea surface temperature. On the other hand, Model

4 recovers and makes a good forecast. The flow pattern was sharply
activated by the presence of water vapor and released heat.

The rms ervor of the 500 mb maps (figure 7.5) indicated this feature
exactly. Model 4 is a drastic improvement over Model 3. The correlation

1coefficients also shows that Model 4 is farkbetter than Model 3, though
Model 1 turned out the best in this score. Remember, however, that the
rums error for Model 1 is not the best.

The sensitivity test seems to indicate that the subgrid scale physics
affect appreciably the filow field at the surface. However, the influence
of these physics on the upper level flow is delicate. If one takes an
individual physics, it certainly affected the flow at the upper level
but the collective effect of all the physics was small, indicating that
many effects tend to counter each other. The net effécts therefore,
may show up later; probably the effect asc;ﬁds gradually from the surface.

This experiment seems to imply that the water vapor effect is very
important in improving the medium-range forecast. It also indicates that
thé surface drag and vertical diffusion should be formulated better than
was done on Models 2, 3, and 4.

The importance of moisture for the general circulation has been

recognized in numerical éxperiménts of Tong-time integration by Manabe
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et al. (1967, 1970). They compared the runs of the "dry" model with the
"moist" model, where "dry" model means that the "swamp" is assumed
everywhere at the ground surface and the humidity is assumed to be always
at saturation, and the "moist" model is the full physics model as we
mentioned earlier but the land-sea contrast was not included in either
models. In figure 7.7 the conversion of eddy potential energy to kinetic
energy is compared for the dry and moist model cases. In the case of the
dry model, conversion of energy is larger than in the case of moist model,
because latent heat diminishes.the role of sensible heat transfer. (see
figure 7.8). This indicates that the generation of eddy kinetic energy
is decreased in the moist model compared with that in the dry model.

(see figure 7.9 and 7,10).

Figures 7.9 and 7.10 are the spectral analyses of the conversion

term-w'a' in terms of the zonal wave number at different levels for the
dry and moist models, respectively. The moist model has a peak at level
of 0.5 which is about one-fourth of that in the dry model. Interesting
aspect in the spectral analysis is that the dry model indicates that the
most unstable region is at wave numbers 4-10, which agrees with the
conventional theory of baroclinic instability. On the other hand, the
moist model shows the instability exists in the lower wavenumber, i.e.,
planetary scale waves.

In this way, the role played by water vapbr in the general circulation

seems to be substantial not only quantitatively but also qualitatively.

This feature is amplified even more in the tropics.

-~
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(Manabe et al, 1970)
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P/Py = .009

189 Fig. 7.9:. Spectral distribution of the
conversion term '

—A at various levels
(=(w)p(a)y ) in the N40OD

atmosphere. Here,

— A
( ) indicates the

average for the area between
159 and 81° latitude.

(Manébe et al, 1970)
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Fig. 7.10: Spectral distribution of the conversion term

S —. |
(-(w)p(ady, ) at various levels in the N40OM atmosphere.

A indicates the average for the area between
15° to 81° latitude.

Here,
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8. Simulation of rain- and snow-fall distributions

In the previous section, we concluded that the process of water
vapor is very important in simulating the earth's general circulation.
The question may be asked: how good have the numerical models simulated
the rain distribution. Two types of studies will be shown here. One is
the global rain distribution in the general circulation studies, and the
other is the results of the 2 week prediction experiments.

First, the latitudinal distribution of rainfall and evaporation
simulated by the old and recent general circulation models are shown in
figures 8.1, 8.2, and 8.3. The models are: 9-level GFDL model (Holloway
and Manabe, 1971). 2-level RAND model (Gates et al. 1971). 11-level GFDL
model (Manabe and Holloway, 1975) and 9-level GISS model (Somerville
et al., 1974). The GFDL models are all based on the moist convective
adjustment for the cumulus convection. RAND model used Arakawa's 1969
version but the scheme was modified. The rain distributions in the early
models (figure 8.1) were poorly simulated. On the other hand, GISS and
GFDL 1975 models produced the reasonable distributions (figure 8.2 and
8.3). Although the moist convective adjustment was equally used, the
early GFDL model's result (figure 8.1) is quite different from the recent
GFDL model (figure 8.3a), where the differences are the model's grid distri-
bution, the sea surface temperature particularly over the equatorial ocean,
and the seasonal variation. The large amount of precipitation at the
equator in the 11-Tevel GFDL model was due to the intense rainfall over
land (figure 8.3c).

Gates (1975) has recently compared the zonally averaged January

precipitation rates as simulated by 7 general circulation models, i.e.

3
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RAND (1975), UCLA (1973). British Meteorological Office (1975), NCAR (1971),
GISS (T974),'GFDL(1971)'andvGFDL>(1974). Perhaps it can be safely said
that recent models bear better resemblance to the so-called obsérvation,
and’ that the spécif%catibh of accurate sea surface temperature is very
1mpdrtaht for the simulation of the tropical rain.

" 'The horizontal distribution of simulated rainfall for winter and
summer cases are shown in figures 8.4 and 8.5. The‘tropica1 belt rains,
particularly the ITCZ rains, are well simulated. The seasonal change of
the ITCZ was also well reproduced by the model, where the sea surface
temperature is the dominant factor in controlling the shift of location.

f.Summafizing above, it can be said that the c1imato1ogicel distribution

of tropical rain is fairly well simulated with the moist convective adjust-
ment.

Tﬁe simulated distribution of evaporation is shown in figures 8.3 and
8.6 (Manabe and Holloway, 1975). The intense evaporatien regions over the
ocean are well simulated except near the west coasts of all contfnents.

Let us next look at the rain- and snow-falls simulated by the GFDL
prediction model. This result is the accumulation of 12 winter cases for
10 days each (Miyakoda and Hembree, 1975). As seen in figure 8.7, the’
" detailed distribution of rainfall is not well simulated. ‘The intense
preefpitation'afea over the Mississippi Va]]ey was entirely misplaced,
though the intensity of 6 cm/day in observed!c1imato1ogy agrees well with
5 cm/day in the forecasts. In the general circulation studies (see figure
8.4), the result is very similar, indicating that the intense precipitation
over the Gulf Stream in the model result may be responsible for this error.

Returning to the forecast result (figure 8.7) we also see that the rain
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The zonal averages of January precipitation rate as
simulated by the original 2-level model (Gates et al (1971) )
and by the 9-~level GFDL model (Holloway and Manabe (1971)).

The observed data are from Schutz and Gates (1971).
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Fig.8.2a Latitwdinal variation of computed January zonal mean‘precipitation and observed
December-February zonal mean precipitation from L\ovuch and Ovtchinnikov (1961), as
analyzed by Schutz and Gates (1971, ’

(Somervillefet al, 1974)
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(Somerville et al, 1974)
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CM/YR
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Fig. 8.3a: Latitudinal distribution

of the annual mean rate of
precipitation computed by model
(solid line) and observed (Budyko,
1956) ( dashed line).

(Manabe and Holloway, 1974)

Fig. 8.,3b: Latitudinal distribution of

annual mean rate of eva-
poration computed by model (solid
line) and derived from observed data
(Budyko,1963) (dashed line).

(Manabe and Holloway, 1974)

Latitudinal distribution
of the annual mean
simulated precipitation rate broken
down into zonal means over land
(solid line) and over sea (dashed
line).

Fig. 8.3c:

(Manabe and Holloway, 1974 ).
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forecast in the western part of the U.S. does not agree well with the
observation. The meain reason is clearly the smoothness of the mountains
in the model.

In figure 8.8, the snow-fall forecasts for 12 winter cases is compared
to the observed climatology. The agreement is not excellent, but the
amount of show fall and the overall distribution are surprisingly well
simulated. The major differences are: the real mountains induced spotty
patterns in the observed distribution and the regions in the lee of the

Great Lakes show Targe local effects.
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9. Possible factors to improve the medium-range forecasts

In order to discuss the possible factors to improve the medium-range
forecasts, it is necessary to specify our "present reference level" of
forecasts. Let us assume in this lecture that our prediction mode] is
the one which we mentioned in section 4, i.e., the GFDL "1967 version
model," and the initial data are given by NMC, Washington, D. C.

The predictive performance of the model described in séction 4 may
be summarized as follows. The skill of the‘fofeéasts’méasured in terms
of the correlation coefficients is such that the 1000 mb score becomes
zero at the 8th day, the 500 mb score at the 10th day, and the 50mb score
at the 12th day. Some pronounced defectiveness in the forecasts are the
following. The temperature errors start at the surface; this feature is
quite normal. But in our forecasts, the errdrs are particularly large
after several days, exceeding the persistence error. The error developed
over the oceans, i.e., the A]éutian area and the Icelandic and North Siberian
areas. The amplitude of the planetary scale wave components is sub-
stantially underestimated, and the baroclinic waves are also weak. The
forecasted jet streams appear weak and overly smoothed. The meandering
“in Fhe computed westerlies is appreciably weaker than in fhe observed.

As for the‘features_of the general circﬁ]afionishortcomings are found
in the weak eddy kinetic energy (25% 1ower‘than thé'obsekvation), the
overcooled atmosphere (about 2°Ckin'the froposphere);7ahd the overly '
intense zonal wind. - . |

In view of these defects, I feel that the_possib}e factors to

improved these forecasts are, in the order of impbrtahce: the acCuracy,ffJ
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of the initial data, the horizontal reésolution of the model, the para-
meterization of cumulus convection,'the planetary boundary layer process,
the vertical resolution of the model, the initialization of the initia1
condition, the accurate sea surface temperature, the vertical diffusion,
the diurnal variation, the cloud cover and the hydrology. Of course, this
order is not based on a quantitative assessment, but is determined rather '
speculatively. We will discuss some of the items above in further detail.
In this section, the problems of the spatial resoltuion of the model and
also of the initial data will be discussed, and the problems of the
refinement of the subgrid-scale processes will be treated in separate
sections.
(a) The spatial resolution

The effect of the model's resolution on the short-range forecasfs Was
discussed»ear1ier, It might be somewhat surprising that the space
resolution is important even for the medium range forecasts, because
normally people think that only the spatially large scale features are
important in a longer time integration. It turns out, however, that even
the 1arge scale components of flow are affected by the space resoltuion
for a long time. The reason is simple that the dynamics of the atmosphere
in qur problem is non-linear. The problem was discussed by Manabe and
Hunt (1968), Manabe et al. (1970), Wellck, Kasahara et al. (1971)
Miyakoda, Strickler et al. (1971) Baer and Alyéa (1971), Rasmussen (1973),
and Puri and Bourke (1974).

Manabe et al. (1970) demons?rated (figure 9.1) how different the

“rainfall patterns are debénding upon the Tateral grid resolution, N=20
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Fig.9.1 - —Stereographic map of daily precipitation (em day-!)
on model day 173. Shading indicates areas of precipitation;
slashed-line shading, arca of daily precipitation in excess of 1.0
em day-!; dotted shading, arca of daily precipitation in excess 9:‘
Q.1 em day—!; circular boundary, Equator.

- (Manabe et al, 1970)

or N=40 (AS = 540 and 270 km, respectively at the middle latitude). The
figure is a comparative display of two precipitation patterns at a
particular day. In the high resolution model, the rain patterns are
well concentrated along frontal zones stretching from the high-latitude
to the Tower latitudes, thus the features look more realistic than in
‘the other case. |

Miyakoda, Strickler ef al. (1971) also tested predictions with
three different resolution models, i.e., N=20, N=40, and N=80 (AS = 135 km).
Figures 9.2 and 9.3 are the 500 mb and 1000 mb geobotentia] height maps
at the 8th day by the different models. The effect of the resolution
is stricking. In the N=20 maps, the height pattern has no resemb]anté~'
to either the N=80 maps or the obsefvation. In the 1000 mb map, the
distribution of cyclones and anticyclones in the N=20 map appears totally

dispersed and accordingly obscure, whereas in the N=80 map the major -

" -
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Fig. 9.2: The 500mb geopotential heights on

the 8th day. The interval and units are

the same as in Fig.2. (Miyakoda, Strickler
et al, 1971).
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N 20 «

The 100 mb geopotential heights

on the 8th day.

Fig. 9.3:

The anticyclone areas

and

with height values >240m are batched,
the cyclone areas with values <0 are

The loci of small segmented

stippled.

(Miyakoda.

lines mark the mountain areas.

1971).

et al,

Strickler,
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anticyclones are well organized and well predicted. The N=40 maps seem
much better than the N=20 maps.

The verification scores were ca]cu]ated for two cases, i.e., January,
1964 and 1966. Figures 9 4 and 9.5 are the rms errors and the corre1at1on
coefficients as a function of forecast time. Overall the superiority of

N=80 and N=40 forecasts over N=20 forecasts is clear. The fact that the

Hoter

500mb.

-4 :
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AMS ERROR

©) /7 . N20 - IR S
. ol . o
0?23456789!0“]2‘3!4
20 Z 500mb. 10 -
9. 1000mb. L
R T R S e S et i 84
Maters 7 4
140 [
] ' 6 . L
120 4 b 5 . |
] “7 - Ndo } 4 \\
lo{ e b .
. 3 ) |
g ] . ; N »
2 80+ T - < 4 L
g g . ’ |‘,
g 60 / :‘— ol . P
= - 0)?345&789101[1’71314
404 I —
DAY
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Fig. 9. 4lhe stunidued deviations al error of the predictod
potential height at 300 and 1000 m',

Miyakoda, Strickler et al, 1971)
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rms error did not show the super1or1ty of the N=80 over N= 20 in a
pronounced way is due to the w1gg1es in thelcontours of the 1000 mb maps
The effect of the resolution on the eddy k1net1c energy, KE’ is shown
in the meridional p]ane in f1gure 9 6 where KE is averaged over 10 days
from the beg1nn1ng of the forecast for each reso]ut1on case and also
averaged zonally. It is natura] that the 1ntens1ty of eddy kinetic energy

is increased with an increase in space resolution. The maximum observed

value of KF is 13.7 x 102 ergs. cm'z, and the area of large values extends

1 4 ‘
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Flg. 0.6 - - Meridional sections ol cdd; ki-luic energy, ¢ tu':‘—‘-r"“ 2 in units of 10 crus em™3. The regions where
the intensity > 1(F crus cm™* are <tippled. The maxima are nlotted. .

(after Miyakoda et al, 1971)
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to the polar frontal region. The maximum values in the predictions are

2,10.2 x 10% and 12.9 x 102 ergs. cm™® for N=20, N=40, and N=80,

8.4 x 10
respectively. In this experiment, ko in the non-linear viscosity term
was 0.25, and KE in the figure are not only the results of space reso-
Tution but also are greatly influenced by the viscosity effect, since
the term is a function of (AS)Z. It is noted that, so far as KEvis
concerned, N=80 model is close to the satisfactory level.

. The intensity of KE also benefits from the condensation.heat.

- Figure 9.7 shows the latitudinal distribution of rain. The high reso-

Tution model gives more rain.

o0
Oz

0
:

T

=

87 81 7569 63 57 51 45 39 33 37 31 15 o3
i
LATITUDE

O = W W s o N
L = s

Fig.9.7  Latitudinal distribution of precipitation.

The effect of the space resolution on the wave behavior was studied.

Figures 9.8-9.11 are the results of the trough-ridge diagram at the 500 mb

level for the middle Tatitude. Figure 9.8 is the original data;: figure

9.9, 9.10 and 9.11 are for the wavenumbers 1-2, 3-5, and 6-10. It is

understandable that the'propagation speed is considerably distorted by the
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truncation error in thé wavenumber 6-10. The N=40 gives a satisfactory
result in this respect. It is intriguing that for the p]anetary waves
(wévenumber 1-2), space resolution is dominant. Figure 9.9 indicates that
the resolution affects not only the phase of the waves but also wave
amplitude. The higher the model resolution, the larger is the amplitude
of the planetary waves. This fact has been recognized by a number of
groups; Fawcett in NMC, Manabe and Smagorinsky (1967), (see figufe 9.12).

and Wellck, Kasahara et al. (1971). The reason has not been

S U S U E S I o corv rme-e
2 4 6 8 101214 16 18 20 22 24 26 28 30
WAVE NUMBER

Fig. 9.12: Spectral distribution (hemispheric
average) of the rate of change of eddy kinetic
energy by the production term P(n).

(Manabe et al, 1967).
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investigated thoroughly, but one speculation is that the high resolution
model produces more condensation heat and that the rain bands formed are
of wavenumber 1-3, particularly the planetary scale waves.

In connection with the wave spectrum, the NCAR group obtained the
kinetic energy spectra for different resolution models (Wellck Kasahara
et al, 197]). Figure 9.13 is the result of spectral d1str1but1on of
eddy kinetic energy per unit mass as a function of the zonal wavenumber
k at 40°N at the 4.5 km and 7.5 km Tevels. The upper left and right
pictures are for the 10° and §° meshes (approximately AS = 1,100 km and
550 km), and the Tower left picture is for the 2.5° mesh. The Tower
r1ght is the observed distribution from Ju]1an et al. (1970), Saltzman
and Fleischer (1962), and Kao (1966). The slanting 1§ne in each figure

shows a k“’3 distribution as reference,
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g, 00F %o 3
o« F s 3 4 €
= r @ 1 F & N
w 10F e & g E E E
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01k @-4.5km @ o L aoen -
" E a-75km o E ®-4.5km E
- o 3 A=T5km ]
00!< i I W N R { t I RN | t
’ 2 4 6810 20 40 1 2 4 6810 20 40
10000 LI S A Ty F T TS
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K3 E o 3E & "e° 3
% r . o -
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Fig.9.13 —-—Sa.me a8 figure 19, except computed at dlﬂ‘erent
S altitudes as indicated.

(after Wellck, Kasahara et al, 1971)
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The vertical resolution of the model has considerable effect on the
features of the general circulation. Figure 9.14 is the zonal mean wind;
in the meridional section for two different resolutions, i.e., the 9-level
and the 18-Tevel models, where both have N=20 horizontal réso]ution.
(Manabe and Hunt, 1968). In the 9-level model, the middle latitude jet
is connected with the stratospherié jet, whereas in the 18-]eve1 model,

the two jets are clearly separated as they should be.
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. —The latitude-height distribution of the zonal mean zonal wind. In the upper half of the figure winds computéd by the 18- and

9-level models are shown on the right and left respectiveiy. In the lower half observed annual mean winds {(prineipally Sturr and
collaborators) and also winds at 80°W. for Januusry (Kochanski [11]) are given for comparison. Shaded arcas are regions of casterly. -

Vinds. (Units: misc)  (After Manabe and Hunt, 1968).

—=— p/pe
T
H
HEIEHT KM ——
— p/p*
HEIGHT KM—




~518~.

Let us next look at a recent result obtained at GFDL (Miyakoda,
Strickler et al. 1975). The resolution experiments were made for N=20,
N=40, and N=80, also for the vertical resolution of L=9 at L=18. The
results are shown with various maps in the manner as in figure 9.15.
Figure 9.16 is the temperature forecast at 30 mb for the 4th day. As
seen the 9-level models are all far from the observation, whereas, the
18-Tevel models gave better results. The geopotential height maps at
10 mb for the 4th day are shown in figure 9.17. One may see clearly the
superiority of the 18-level over the 9-level model in these forecasts.
But the horizontal resolution seems to be not very influential, so far
as these patterns are concerned except inkthe phase speed. On the other
hand, the forecasts of the 500 mb height are affected by the horizontal
resolution (figures 9.18 and 9.19 for the 4th day and 8th day, respectively).
The patterns of the N=20 model are quite different from those of the N=80
model even at the 4th day and more so at the 8th day. Looking at the
8th day maps, one may see that the cyclones of the 500 mb maps are
excessively deeper‘in the 18-Tevel models of N=20 and N=40 resolution
but not for N=80. The statistics revealed that the conversion of eddy
kinetic energy from potential energy, -w'a' is greater in the L=18

models than in L=9 models, supporting thelstatement above.
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(b) Initial data

For the medium-range forecasts. the initial data is the important
factor in determining the quality of the forecasts. Even for the one-
month forecast, the initial condition is still dominant. Figure 9.20
shows the development of the rms temperature error at 500 mb in the
experiment of 12 winter cases which was described earlier.

The chart is the longitude-time diagram, from which one may see
how the temperature error propagated and grew. It is c]ear]ylshown
that the large error that started at Tongitude 140°E-160°W which is
over the Pacific Ocean and also at 60°W-20°W which is over the Atlantic
- Ocean, was propagated eastward at a speed of about 10° per day. It is
surmised that the accuracy of the analysis over the ocean is not good.

The way to reduce this type of initial error is to utilize the
satellite data. A great deal of effort has been expendéd along this Tine.
It is well known that satellite cloud pictures are very extensively used
for nowcast, but not very much for map analyses except Hall, Nagle and
Kelly's attempts. Concerning the usefulness of vertical temperature
soundings, several studies have been reported, but the conclusions have
been mostly pessimistic.

Recently Halem, GISS, has reported that the 4 day forecasts were
subgtantia11y improved by using the VTPR data. According to his study,
what is important is the frequency as well as the distribution of data
rather than the accuracy of the temperature sounding. Figure 9.21 is
the Tatitudinal distribution of yield per grid point per day, for the
DST (Data System Testing) period, May 1 through 26, 1974. Compared

with the amount of data operationally available (marked NESS), GISS
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Fig. 8.21: The Average Yields of the derived
sounder temperature (After Halem, 1975).

yielded a large number of data. THe two maxima at 70°N and S are due to
the overlapping of the satellite scanning patterns.

Halen (1974) used 4 different initial data sets from which forecasts
are generated. The initial data is the following. Temperatures, winds
and pressures over land are borrowed from the NMC operational upper air
analysis north of 18°. Over the oceans, radiosonde reports are inserted
directly. Aircraft reports and cloud winds are not used, but the 300 mb
wind analysis of NMC is used instead. At the surface, pressure and

temperatures are borrowed from the NMC analysis.



Experiment A contained no additional input.
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On the other hand, the

initial data for experiment D is obtained in a similar manner except that

the full yeild of the GISS-derived VTPR soundings are inserted into the

model.

Experiment B includes only one-third of the GISS-derived VTPR

soundings, which is the same amount as that used in the NMC operational

analysis.

Experiment C uses the NMC operational analysis everywhere.

Figure 9.22 is the rms error of the surface pressure over North

America. The difference between Experiment / and Experiment D is 15%
a o
~ N0 VTPR
7 | B_ZA™— VIPR WITH
———T ——————— =EING < ~ 1/3 GISS YIELD
DA = i l
. 1% ‘ -
Ll ! N aiss: FuLL
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Zz 3t
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Fig. 9.22; AVerage forecast surface pressure errors

as compared with NMC surface analysis over the U.S.

(Halem, 1974).
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of the total error at the 3rd or 4th day. This is the first example in
which a sizeable improvement was achieved by the use of sate]11te vertical

soundings.

We be11eve that the 4-dimensiona] analysis has been steadily advanced.
(Bengtsson, 1975). Figure 9.23 is an example of the full 4 d1mens1ona]
analysis at the 200 mb leve] during the GATE (GARP Atlantic Tropical Experi-
ment) period, processed by Miyakoda, Unscheid et al. (1975); the result
is'compared with the NMC Flattery objective analysis. The two mapé are
very similar, but the 4-dimensional analysis turned out to be excessively
smooth. The benefit from the 4-dimensional approach is realized over the

tropics and the Southern Hemisphere more than anywhere else.




VERSION 3

rig., 9.23a 200 mb map 4-dimensional
(Miyakoda, Umscheid et al, 1875)
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Fig. 9.23b 200 mb NMC
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VERSION 2

Fig. 9.23c¢ 1000 mb 4-dimensional
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Fig. 23d 1000 mb NMC
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10. Refined parameterization of the PBL processes

The planetary boundary layer (PBL) is defined as the layer which the
surface effect influences directly and sizably, and in which turbulent
motion is intense. The PBL is divided into the interfacial layer and the
turbulent PBL (see figure 10.1). The former layer extends from the surface
to the roughness height, Zo’ in which the molecular viscosity plays a
substantial role. In the latter the eddy motion is dominant in trans-
ferring the atmospheric element such as momentum, heat and moisture. This
layer can technically be divided into the "constant-flux layer" and the
rest of the PBL. In the cdnstant—f1ux layer, the wind stress, heat and
moisture fluxes are approximately (+ 20%) constant with height. This
assumption enables one to set up some simple relationships for the eddy
transfer. This layer normally extends from the level of'ZO to 20-100
meters. The entire turbulent PBL is characterized by a vertically well
mixed layer, in which the virtual potential temperature is constant with
height, and the mixing ratio of water vapor is also almost constant

(figure 10.2) (Ma]kus,}1§58). The depth of the QBL varies diurnally

over land from O to 2 km, and the depth over sea is about 200-500 meters.

There seem to be three approaches for the treatment of the PBL, i.e.,

the multi-Tayer model, the mixed layer model and the method'of the drag

and heat transfer laws (Rossby number similarity theory). The multi-layer

model includes the K-theory approach, the eddy viscosity method, and the
closure model, though the first two approaches can be derived from the
closure model as limiting cases. (Monin, 1965, Donaldson, 1973, Deardorff,

1973, Mellor and Yamada, 1974.)
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Fig. 1 Mean profile for 14 radiosonde ascents through
cloud-base of potential temperature (6), mixing ratio (r),
lifting condensation level (LCL), relative humidity (RH),
perturbation vertical velocity (w). (Arter Betts et al, 1974).

For numerical prediction models, the closure model is quite
appropriate. With this approach, it is possible to resolve some special
features of the PBL. For example, the nocturnal jet can be reproduced.

The horizontal advections of elements and baroclinicity can be incorporated.
No speical consideration is required for the equatorial boundary layer.

In addition, even in the case that the top of PBL is obscure, no difficulty
is presented.

Recently, mixed layer models (Ball, 1960, Lilly 1968) have received
considerable attention in conjunction with cumulus parameterization.

In the UCLA version of cumulus parameterization (Arakawa and Schubert,
1974), the depth of the PBL is a fundamental parameter for cloud speci-

fizetion, because the top of the PBL corresponds to the cloud base.
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~ In the fo]1owing,ﬁwe will seTect three problems for diﬁcussion from

the standpoint of the modé1jihg'0f genéra] circulation, i.e.,closure
models, the depth of the PBL, and the constant-flux Tayer. The detailed
survey of the PBL parameterization in Geﬁeré] Circulation Models was
made by Bhumgralkar (1975).
(i) Turbulent closure models

The development of the mean Reynalds stress closure model has a Tong
history, but the gpplication to the amdspheric boundary 1ayéf~1s recent,
i.e., Monin (1965), Donaldson and Rosenbaum (1968), Donaldson (1973),

Deardorff (1973), Mellor (1973), and Lumley and Khajeh-Nourf (1974).

A11 variables are divided into ensemble mean variables and eddies,
and turbulent transport equations-are set up. The equations of the first
order (mean) variables and eddies are written as -

The eqs. of mean motion

aa _a____ T ] ] = _Zip_ = __9._— G2 -
STt SRR (ukuj +utust) Y 8535 0 + w2 us (10.1)

_3_‘9_: 9 __ = = TRy - DE - \ 1N
st o (0 8+ u '6') = Kv2s (10.2)

where P is the mean kinematic pressuré, % is the constant botehtia]
temperaturé, v the kinetimatic viscoéity and K the kinematit heat

conductivity. (or thermal diffusivity).

3 1
U 3 - -
—1 —— J 1, [} v t Yy, . S
=t t X (uiuk Flugt gt sty ) e
X Si3 5 @t vVhu, | | (10.3)
i 0 L : o
g_e;+ & (Su,' +T0' +u ;e' -u 'e' ) = Kv2o . «-(]0 4)
ot axk K "k k k )
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The equations of the 2nd order correlations are written as

au;'us! )

J U U, UL UL,
ot ¥ 3 Xy, [uku1 uj U %4 uJ ]
) - ] ———
t o plus’ + ——plu,
axj i B j
- — 8Uj _ T 3Uj
Ui Yy axk uj Uy axk
- .9_ H i + tat
5 (845 us'e 659U;'0 )
32 Bui' Auj' s . au
u,'u,'t - 2v ==L =14 pr (14 S50 )
axkaxk 1] axk I ij 9X4
) bt o 9 rYe's
. A u.8 1 Pt P
aF YUy 8 F 2%, Uy, U39+ Uy tus e 1+ Ty p'e
- 1 i aé_nwj i @:g., g a2 + . Q@f
82 [N 3 i 89' i BU'i
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axax, i 3%y Xy Xy

ax,  ox,
36" % T I RNY 56
3t T ax [uKe Tue I=-2 U ax
k k
YRS
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Thus we have equations for all the correlations as follows
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I2 t I 1 1] ] ]
U1 Uy U Uy Uz ur e
u lu | u |2 u Iu 1 u [
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u lu 1 u lu 1 u |2 u [
3 32 3 36

(lo, 8)

elu]l eluzn 6Iu3l 9|2

Before proceeding further it may be helpful to examine physical
meanings of the terms appearing in the equation of the eddy kinetic energy.
If these equations for u]', u2'2 and u3'2 are added, the equation of eddy

kinetic energy is obtained. From here on, dropping the dash notation,

we have
be = uu s ' (10.9)
§9?+ 3y, bl 2 (uuu +2unp)
5t © Bx K ax, kg kp
advection diffusion by redistribution
eddies by pressure velocity
interaction
= _ auyg -2-9 w3
2 u U, %, 2 % wo
Interaction of the generation by
Reynolds stresses and buoyancy
the mean flows
2.2 P TE——
3% _py Bl dug
Y 3X, X, 2v X, X, (10.10) -

e ——

diffusion by molecular
viscosity

e ———

viscous dissipation



Introduc1ng the c1osure assumpt1ons the triple correlations appearing

in the equat1ons of the an order correlations are written as follows

R < b (IS A ) 0.1
k J i
- UK 3Ui6 '
ukuje b Ao ( R ) (10.12)
J k
7 362 |
u;6° = b A3 ( %, ) (10.13)

The terms of the pressure-velocity correlations which are called

"energy redistribution terms," are substituted by Rotta's (1951) assumption,

1.e.,
(M B . gg:wj- 3655 6°)
1
b ocep? | gg? + 3_;‘(:) ' (10.14)
j i
PTQ*?“ = E%Z‘W - %61'3 59'0 5. (10.15)

The viscous dissipation is expressed, based upon Kolmogoroff's (1941)

hypotﬁesis, i.e.,

U5 8Us 2 b

v —+ 3= o g (10.16)
axk Xy 3 Aﬂ 1]

ok 2038 Lo 07 (10.17)
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In this way, the equations in the closure model are written as

2
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Mellor and Yamada (1974) proposed a hierarchy of systems, using an

anisotropy parameter. The anisdtropy factors, aij and’ci are defined by

u1.uj ( 3 aij) b, (10.29)
ai@ =0

TR = ¢ b o7, | | | (10.30)
where for the isotropic turbulence, aij =Cy = 0. Let us also consider
the characteristic flow speed U and Length L. In the expression

- : S
Dt at k Xy i
Ub?

we assume that the second term has an order of magnitude T The Level

4 model is a system in which most of the terms in the equations of
(10-18)-(10-26) are retained, and therefore, most complicated. The Level
3 model is derived by neglecting the terms of @(az) and(?(cz), where it is
assumed that ag= ['2? and the advection and diffpsidn terms become (Ka).

¢ being the dissipation. In this model, therefore,

DOV _ Dw _ Dim .

Dt =~ Dt Dt

and equations (10.22), (10.23), (10.24). (10.25), (10.26), (10.27) become
the algebraic equations. However, two equations remain the differential

yequations with time, i.e.,



The Level 2 model is derived by neglecting the terms of @(az) and @(cz),
where it is assumed that a?£= %- %_. and the advection and diffusion terms

become Q}(az). In this model,
2. U8

and all equations are algebraic. The Léve] 1 model is derived by neglecting

the terms of @Ha), under the same assumption as for the Level 2 model.

Level 1 model is absimp]esf system'which:may ¢orrespond to the KEYPS approachf
Here we summarize fheir LéVei'1, 2, Q.S'and 3 models. In'bractice, We

found that Level 2 or 2.5 models are simple, stable computationally and

useful.

4

Let us start with the first order equation, omitting the bar notation

for the first order varijables i.e.,

du _ .@_j — ., .U | |

o = - + az:.(-fuw + vz ), ‘ (10.31)
dv _ ¢ 3V

qf = mmimeeee- + aZ(-vw + v 82)’ (10.32)
a8 _ S R S L) (10.33)
dt 52 Coaz’ ‘ )

b2 = u2 + y2 + w2 o o (10.34)

uw, w, and w3 are obtained in the following way.

* H. Panofsky commented that some people prefer to call the scheme "PSYKQ."
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((Level 1 model))

- uw i

_F 2|3 g Sy |

v |, ‘ (10.35)
9Z ‘

-We = 22\_3_\3’_\. SH . 98 , (10.36)
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where
) _ 172 .
Sy = (6 0-R,) if Re . 1.0
0 if Re > 1.0 | (10.37)
o , 1/2
SH = Hi (1—R£)
[1- 3x0.53 1£]if R < 0.38
—ng (10.38)
0 if Rf > (.38,
flux Richardson number,
Ry = B gwae
e U , — BV
UW - + W (10.39)
((Level 2 Model))
(10.35) and (10.36) are the same, but
- e /2 L 3/2 . .
Su c | Gy (1-Re) /5. s, if Rg - 0.21
‘ 0 Fif Rt » 0,21 (10.40)
12 . 172 : n
S, (HZ (-Re) T sy 7T s, if Ry =« 0.21
(0 ’ if Rf - 0.2] (10.41)

where SM and SH are functions of Ri'

Rf is obtained explicitly as a solution of a quadratic equation of

R, (see Yamada, 1975). It is found, however, that the following approxi-

mations are quite accurate.

£ Ri (1.485 - 2.35 Ri) for Ri > 0

¢ = 1.44 Ri for Ri < 0 (10.42)

R

R
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((Level 2.5 modeiD

Thﬁébpdrtioh is based on Yamada (1975)»

- 0w au
_ 4
= KM' ’
- 3V
3z ",
JU— - —aﬁ
where
) 5 2
Ky = Aje [(1-3c)b + 3 b 49; + 3A,02x
3.7 s
x[(Byz - 3 A)) (b7 + 319— - 3(4A;+B,)-c-b”jp g 22
2 ' '
= % 6 A, 2,2 2 Ia W 3 2o by 28
172 5
2
2 5 W B
X {6 A] 0 (BY“3A2) | X_Z |7 “A%') b
2 ) L
+ 9A2v, (4A] + BZ) GG S 11,
K= A -o[(b3+ 38) - 6 A Ky | L L] 2]
H 2 7 f 1° Dz
[ 2 v 9__@.
<= [b%+ 3 Ayv (4 A+ B,)a g =
o= A b 122]
f 377 7 a2z 1 Yz ’
gy =-0.27-¢,
(A, Ay, By, B,) = (0.78, 0.79, 15.0, 8.0)

f is the thermal expansion coefficient.

] ,

-~ (10.43)

(10.44)

(10.45)

(10.46)
(10.47)

(10.48)

(10.49)
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The turbulence intensity, bz, is obtained from the prognostic equation,

i.e.,
2 2
d (b 2 g5, 3 b
) 035 (3
3
— 3U —— BV — b
- W 8z Wo,t Bgwh - A:; . (10.50)
o . 20 2/3 2 .
This is splved under the boundary condition that b‘= B1 - u™ at z=0.
((Level 3 model))
- W\ LU . ‘ o
=kl % ) o _ (10.51)
~ VW v ‘ | ‘
Y4
W =k, 2. m.b.57 ' | ‘ (10.52)
, H 3z 7 "WT S | '
‘ . ' o W af =
where Ky, K., and M, are funct1qns of IS—E"’ 55> D» ® and & .

Equation for b? is the same as (10.50). In addition, we have

|

v}

d 82, _ 3 82
T (7)7 5750501
26 82
-  Wé é_z_-b/]?é (]053)

((Level 4 model))

Omitteq.

In all models, the length scale % is given tentatively by an empirical

formula similar to the one by Blackadar, (1962),

Kz j; bzpdz
- g 5 X

0 w |
1+ o ,g bpdz

(10.54)
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It was shown that the calculated mean winds and temperature fields are
less dependent on the choice of 2 . -

Level 3 model has been used by Mellor and Yamada (1974) and’Yamada
and Mellor (1975). The hierarchy of the model used by the well-known
numerical study of Deardorff (1973) corresponds to the level 4 model.
Wyngaard et al. (1974) used a model equivalent to level 4 model. This
model can approximate the counter-gradient transport. and give a shakp
to of the PBL. On the other hand, further simplified Level 2 and 2.5
models do not allow the counter-gradient heat flux. It was shown that
in Level 2 model, the PBI depth is =hallower by about 100 meters than in
the Level 3 or 4 models. However, the Level 2.5 model gives much closer
solutions. Lewellen and Teske (1973) used a model similar to the level
2.5. The "eddy coefficient method based on subgrid turbulence kinetic
energy equation" advocated by Deardorff is Level 2.5 model. In other
words, Level 1, 2, 2.5, and 3 models are the so-called eddy viscosity
scheme for momentum and Level 4 model is not in this category, while
Level 1, 2, and 2.5 models are the eddy viscosity scheme for heat, and
Level 3 and 4 models are not. The ’dOVHﬂvard heat flux is a
manifestation of strong "entrainment" at the top of PBL which leads to
the deepening of the PBL depth with a sharp interface between the PBL and
the free ;tmosphere. However, the down-gradient heat flux schemes can
also have the deepéning of the PBL, though the sharpness of the interface
is reduced to the extent of the model's hierarchy. The process is called
the "encroachment" (Carson and Smith, 1974}.

Figure 10.3 and 10.4 are the results of the simulation of the Wangara

data with the Level 3 model (Yamada and Mellor, 1975). Figure 10.3 is
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the diurnal variation of the v-component, (see the nocturnal jet at 300
meters) and figure 10.4 is that of the virtual potential temperature.
(i1) The depth of the mixed layer

The theory of the mixed layer was developed for the atmosphere, ocean
and the water in Tlaboratory experiments. For the atmosphere, the concept
and techniques were advanced by Ball (1960), Lilly (1968), Lavoie (1968),
Deardorff et al. (1969), Betts (1972, 1973), Deardorff (1972, 1973, 1974),
Zilitinkevitch (1972, 1975), Tennekes (1973) Carson (1973), Stull (1973),
Smith and Carson (1974), Randall and Arakawa (1975). For the ocean and
the water in tanks, the problem was pursued by Kraus and Turner (1967),
Kato and Phillips (1969), Denman and Miyake (1974), Pollard et al. (1973),
Gi1l and Turner (1975). It is interesting to note that for the atmospheric
mixed layer, the "Jump Model" is treated in which the virtual potential
temperature A8, has a sharp increase at the top of the layer, whereas for
the ocean model this jump is not emphasized.

In the observations, Aev is sometimes clearly noticeable, particularly
when the boundary layer is expanding and entrainment at the top of the
Tayer is active. Figure 10.5 is the diurnal variation of the boundary
Tayer height(h(t) in this figure) over land. Between 6 and 14 hours the
entrainment is strong. After 18 hours, a new boundary layer is formed,
but the cause is the cooling at the ground surface.

We will discuss the derivation of the boundary layer height, ZB.
The first relation is the definition of the time change of ZB, i.e.,

dzB

T oW*

We s (10.55)
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where w is the prevailing large scale vertical velocity at the top of the

2000 Sunrise Apparent noon Sunset
1600 i

1200

i

800 -

—w=—<h(t)>

8 10 | 14 16 1820 22
}
|

Fime of day
Fig. 10.5: The mean boundary-layer thickness, <h(t)» deduced
for the O'Neill data and plotted with standard errors as
functions of time of day, t, in Mean Solar Time.
(Carson, 1973).

PBL, and WE is the entrainment (including "encroachment"). The second
equation is for WE. From the continuity relation at the jump of potential

temperature, it follows that

s

W = - (welg
AB
{Felz | (10.56)
AB
if aef 0. )B is the value at Z=ZB. When as -+ 0, Wo is given by

W. = (FQ)Q - (FH)R

20 (10.57)
Zg( 57 )ps
where ( g%')B+ # 0 and ZB # 0, ( )B+ is the value just above Z=ZB,

e
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After sunset, the entrainment is not governed'by the thermal turbulence
transfer; in this case (Deardorff, 1971),
ZBf

ﬁf?g_ﬁk) . (10.58)

W. = 0.025 pux ( 1 -

E

As a formula which is applicable for a wide range of conditions, Deardorff

(1975) suggested

1.8 (we)g [ 1-1.1 223 280)]

WE = ) W3

56 9. wxl ‘u*2

[ZB( SE°B++ a5 (1 +0.8 W—z-) ] (10.59)
6o B * )
where
— 1/3

we = [ 5 (wo) 7] (10.60)

0 ’ :

In order to close this system, another equation is needed; that is,
the nergy conservation equation. In figure 10.6, one may derive the

equation as

d 2
= S lgv iz - Tl (10.61)

where v = ((2%). . Combining (10.55), (10.56), and (10.6d), the equation

for a8 is obtained as

dae _ _, (ew)g , (ew)p

dt A Z

+ (v - —) w. (10.62)
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dbe + d(a6) = ».dz,
6wy, — (B = 4 (2 dee |

Fig. 10.6

For the case that ag= 0 or ZB = 0, another consideration is needed. Thys
fhe equations (10.55), (10.56), (10.62) make a complete set of equations,
including the condition that ZB changes discontinuously, for example,
after sunset.

For the atmosphere in which water vapor is included, the situation

is very complicated and some modifications are needed.

e
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First of all, the moist static energy or the potential energy, is used.
AB s positive in the tropical region, whereas A4h is negative due to
the effect df water vapor. MWater .vapor transfer is the dominant process
rather than sensible heat tranéfer in the tFOpics. Secondly, stratus
clouds could be formed inside the bdundary layer. In this case, it is
necessary requirement to consider differéntia1‘raqjationa1 cooling for
the entrainment (Randall and Arakawa, 1974). 1In addition, subsidence as
a compensation for the cloud mass flux has to be taken into account.

Randall and Arakawa proposed the equations for the PBL depth,

&p = pg - Py as,

%‘h V(SpV) = g=ewt g (oW - M), (10.63)

where MB is the cloud mass f]ux,'ps,and'pB'are the pressures at the surface

and the top of PBL. The entrainment is given by

(o W)g + (QR)g+ - (QR)g
Ah ’

P gw. = ‘

E (10.64)
where Ah is the jump of moist static energy ( h =‘CpT + gz + Lg) and QR
is the radiational effect in the case of a cloud-topped boundary layer.
For the case that ah = 0, a different formula is used. The equation of

ah is given by | | |

3ah _

3t flA(:W'Vhé+) -‘ W'V»(Ah)
Fopug [ (3 - (3 ]

Carson and Smith (1974) treated the jumps for momenta as well, i.e.,

Au and Av
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Carson and Smith (1974) treated the jumps for momenta as well, i.e.,

Ah’and Av.

(iii) Constant-flux layer

In principle, the multi-Tayer models can be applied in the entire
turbulent PBL if a considerably higher grid resolution is provided in
the surface layer. 1In the prediction model of the general circulation,
however, it seems uneconomical to use such finite resoluticn. For this
reason, a further parameterization is used for the constant flux 1ayer
The schme is known as the "Monin-Obukhov" version (Lumley and Panofsky,

1964, and Monin and Yaglom, 1966)

€= o Wal Vs - (10.66)
(Fglg = -p+ C| Wafox , (10.67)
(Fdoot = el g L (10.68)

(F,), = Dw (F)

q’0 q’pot (10.69)

fovel 3 W T, 7

| (D)., (Fo)s (R,
AT AT B e

7g‘/’/’/(// 77 77 777

Fig. 10.7
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where € is the wind stress, (Fe)‘s' and '(F'q)"s’ are the sensible and latent

heat fluxes at the surface or level z_, (F) is the potential evapbration,

0 q’'pot
WV« is the friction velocity, Dw is the availability of moisture. Then

we have
k z g R t o S
AW |
7o 5zt S (10.70)
koZ 26 = @, e | ©(l0.71)
N T S |
k. z } L , S ,
_g;_%gf i ‘Pq- | (10.72)
Therefore
Cwh) - WY = wale (Vi) - f (POl ] R (10.73)
o(h) - o(zg) = exlf, (1) - fh'(ZO/L)].. | o ©(10.74)
g(h) - q '(zo) = .7y (ML) - £ (oM. o O (10.75)
qsat(Ts)

The functional forms of f and fh are given by Businger et al. (1971)

Pn(z) d
Fmle) = ,/” - (10.76)
£ (c) = J/‘] +4.7% d§ for stable strat (z> 0) (10.77)
0 ch( Z;))1/3 for unstab]e.strat.(é<0) (10.78)
f(c) = ]E f‘_ﬁn(a) @ - (10.79)
o] 4 ’
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£ () =fq(c) | |
_ 1 S-O.74 * 4.7 ¢, for stable strat. (z > 0)
=l ok )T
° (10.80)
1 0.74
— 1/3 dg for unstabl strat.(z< 0)
k, fa(l + 51 (-z)) 5
(10.81)
(10.77) and (10.30) are integrated and written as
f.(5) - fm(So)
=& D&% 47 (e )1, forz > 0 (10.82)
0 %o
fh(C) = fh(go)
= % [0.74 an 2=+ 4.7 (22 )], forz > o0 (10.83)

8] 0

These formula are valid for the entire region of stable stratification
(not only for the near neutral case).

Monin's Tength L is defined by

o (F )] (10.84)

The roughness height Z, is given by
{" 16.82 cm over land for the annual mean
Z =
2

0 WV

i 0.032 g over sea _ , (10.85)

This type of model was tested previously by Delsol et al. (1971).

One is the conventional neutral aerodynamic

method described in section 8 (it is called Experiment A), in which the
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drag coefficient CD is 2 x 10'3 everywhere The second %s the same model
"~ as the f%rst;'bdt Cb: 4.3 x 10-3 over 1and and CD 1.1 x 10'3 over sea
;T(Experiment B). The third is the model in which the’Monin Obukhov process
is included (Experiment C). The reeu1t of'effectfve CD in ExperimentvC is
‘shown in figure 10.8. The sensible heat flux HO =-(Fe)s) and the wind
stress r0(=|1i S) are shown as a function of forecast time in figure 10.9.
The heat flux averaged over the Northern Hemisphere is increased in
Experimenf C compared with the other experiments. On the other hand, the
wind stress is less in Experiment C over the ocean than in Experiment A.

This may suggest that this type of drag is better for forecasting in view

of the sensitivity study described earlier.

C o
x10-3 H ‘]

00 20 140 160 180 160 140 120 100 80 60 40 20 0
LONGITUDE

Fig. 10.8: The zonal profiles ‘of the 1,000 mb height (upper),
the 24-hourly rate of pre01p1tat10n (mlddle) in Experiments

A, B and C. The lowetr figure is the effective dray coefficient
Ciy for heat flux in Experiment C and the usual drag coefficient
Cp in Experiment B. All profiles are for the 6th day.

(Delsol, Miyakoda and Clarke, 1971). =



=362~

10%cal/em? /sec

_____

e e 2t i s
34 i : ~o

e

-
-
~
~.

Figure 6. Time variation of the hemispheric a‘vemge of the heat flux H, over lan;i and sea in‘Experin‘xents A,
Band C.
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Fig. 10.9: Time variation of the hemispheric average of
the stress qu! over land and sea in Experiment A, B and C.
(Delsol, Miyakoda and Clarke, 1971).
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11. Refined parameterization of cumulus convection

The essential difference between the transfer by cumulus convection
and the PBL tufbu]ence‘transfer is that condensation heat is involved in
the former. The released heat createsvthe local buoyancy which accelerates
the vertical vé]ocity inside cumulus clouds. This intensified current
transports the sensib]e heat, water vapor and momentum upWards‘thfough thé
clouds. The clouds are so-to-speak chimnéys,‘though they have porous
side-walls, andfmoisture and heat are collected ffom the environment through
the side-wa]]s.» Thé heat T1ifted to the top of the chimneys is emitted there.‘,
Thus the entha]by 15 increase in the upper levels, and decreased in the lower
levels. |

These cumulus cloud processes prevail pafticu]ar]y in the tropics, though
the activity is also important even in the extratropics. Cumulus éonvecfion
is expected to occur when the conditional gravitational instability exists.
Figure 11.1 shows a typical vertical distribution in the tropics of the
static energy (gz + CpT), the Tatent heat (Lq), and the moist static ehergy
(gz + CpT + Lq). The "hot towers' penetrate deep into the stable layer in

[ | .

gz ’CDT

Pressure {.100mbar)
»
¥

P o - bt
70 80 90 o 10 78 80 &2 84 &6
cel/gm col/gm cal/gm

..... .

Fig.11. laVcrtvical profiles of gz - ¢,T. of Lq. and of gz ~ ¢sT + Lg for the mean tropical atmosphere
over the western parts of the tropical oceans in summer. :

pf 82 static energyl(or enthalpy)

§=¢C
h =5+Lgq ¢ moist static energy



~564-

20( » . N .
» - " . -]
gzt CDT +Lg '

< CONVECTION <  tall "hot tower"

< (oF X .

= , cunmulonimbus

- ] )

e ! '

2 I 4 . -

:qt) } ' . . /

: ! MIXING "‘ _trade wind cumuli’ _

N Lo T

78 BO ez g4 es 88 . , : - L

Col/gqm

Fig. 11.1b: Vertical distribution of total energy in t

he mean tropical

atmosphere and model illustrating mechanisms of vertical energy trans-
port: trade wind cumulus clouds up to the level where the total energy

reaches its minimum, and "hot tower" cumulonimbus convection to the

high troposphere (Riehl and Makkus, 1858). -

forms of cumulonimbus (Riehl and Malkus, 1958).

How the internal energy is distributed in the vertical is one of the

major problems in the cumulus convection. It is certain that the water vapor

supply from the bottom of the chimneys is crucial. The low-level convergence
is controlled not only by the convergence in the PBL flow but also by the
sucking from the processes jipnside the cloud.

The vertical distribution of the dumped heat and the horizontal position
of the heating re1atfve to the tropical wave phase are the important factors
to determine the dyhamic characteristics of tropical waves. The instability
study along this Tine was made theoretically by Yamasaki (1968, 1969),
Lindzen (1970, 1971, 1972), Ooyama (1969) Hayashi (1970, 1971, 1974} Holton
(1971, 1972), Murakami (1972), and Chang and Piwowar (1974). The consensus
appears to be that the condensation heat is important for the intensification
of'tropica] waves, but controversy still exists, for example, as to whether
or not the wavelength of the mixed Rossby-gravity wave (Yanai-Marayama wave)

is primarily determined by the mid-latitude forcing (Mak, 1969, Lamb, 1975).
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In this respect, the numerical general circulation model provided the
seemingly reasonable solutions for tropical waves with the moist convective
adjustment (Hayashi, 1974, and Tsay, 1974), though a theoretical explanation
is still needed. In section 8, the results of rain simulation méin]y with
the moist convective adjustment were described. The agreement of the
calculated rainfall with the observation is.surprising1y good, so far as
the time averaged tropical rain is concerned. The merit of the method is
its simplicity. |

The shortcomings of the method are: that a high content of moisture
results in the mode] atmosphere and the "shock" associated with the process

}is rather strong. We showed the NMC rain forecésts in seétioh 2, which is
based on the Targe-scale condensation and the moist convective adjustment.
In summer, the forecasts become very poor, particularly in the mountainous
regions.b It is not clear what céuses this difficu]ty in the forecasts.
Perhaps the predictability of summer rainfall is intrinsically Timited. Or
perhaps the parameter1zat1on scheme is 1nadequate for this type of rain.

Concerning cumulus convect1on parameter1zat1on, a number of ideas have
been proposed. At Teast, two methods are noted, i.e., Kuo S method and
Arakawa's method. Compared w1th the moist convect1ve adjustment, they are
realtively comp11cated and sophisticated.

(i) Kuo's method

This method was first proposed by Kuo (1965); and then mod1f1ed by
Rosenthal (1969, 1970). Sundqu1st (1970), Krishnamurti and Moxim (1971) and
Krishnamurti and Kanamitsu (1973). Kuo has’ recent]y mod1f1ed h1s own scheme
(Kuo, 1974), ‘though the part for deep cumulus convect1on is not very

different from the original.
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For the deep convection, the amounts and the vertical distribution
of the latent heat and sensible heat are determined by the temperature
difference between the cloud and the environment, where latent heat is
supplied by the Tow-Tevel convergence of moisture.

The rate of heating QC 1s given by
QC =a -t R (11.1)

where 8. is the potential temperature in clouds, bc - 8 1is, therefore,
the buoyancy, a is the fraction of cloud, and ¢ js average life of deep

cumulus convection. The fraction of cloud is determined by the ‘formula as

a:

T Me(1 - b)
N (11.2)

c
where Mt is the horizontal convergence of moistyre (1 = b) is the fraction of

moisture convergence that is condensed, and Mc is the amount of moisture

required for saturation.

atmosphere; they are,

[
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P
T :
My = - -}fp [ag(T,) - al dp, (11.4)
Mo, = - %[T Sp (1, -T) dp. o o (11.5)
P
B

MC] and MCZ are, therefore, the amounts of moisture reduired to bring
the environmental mixing ratio of water vabdr q and‘temperatufe T to the
moist adiabatic values qe and Tc’ respectively. MC=M01+MC2 is the amount

of moisture required to form a cloud over the entire area.

- 9/ PT
< > = *Tﬁgg*ﬁT) Jf () dp.
b
Therefore B

- R/C
g(1-b)- LMt (Te - T) (B2) P

C (g~ P <T- T +'% 9 ) -a>- (11.6)
P

The formula of TC is not shown here; the effect of entrainment on Tc can

Q

~be included.
Merit: This scheme gives a clearer physical picture of the warming than
the moist convective adjdstment and CISK method. In’particular, compared
with CISK method, the vertical distributions of heating ahd moisture are
specified. Compared with the convective adjustment, the "shocking" would
be reduced.

In the 1974 version, the application condition of the parameteri-

zation is specified as
{D] Dé -Aée > cphstant . (11.7)

3 T G o (11.8)
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where D], D2, and Aee are shown in figure 11.3, Wy is the maximum low
level p-velocity, ps-pcvis the 1ift needed for the surface air at level
Ps to‘become;saturated, ana T is tie duration period of the large-scale

Be

flow.

Fig. 11.3

(11) The Arakawa's method

Perhaps this s tie most sophisticated and elaborate scheme which
has ever existed. The approach is considered to be the upper limit as
a parameterization in many respects, i.e., the attempt in approaching

realism, the elegance of the theory and the numerical complexity.

The basic kinematics in the cloud scale including entrainment and
detrainment are straightforward and precise, and the general concept on
the mutual action of the PBL and cumulus convection is included. This
Tine of thought has a Tong tradition since Ooyama (1964, 1969), who
applied these concepts to the numerical study of hurricane development.
The kinematics was also developed by Ooyama (1571), Arakawa (1969, 1971),
and Yanai (1971)

TS LTRSS
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F%fst Ve}Sion of the Arakawa methoa was proposed in 1969. (Arakawa,
1969). This method was Qséd numerical general circulation models
successfully by Gates et al. (1971), Somerville et al (1974), and
Ceselski (1974). In this version, however, the cloud mass flux was
given rather heuristically. The theory was not quite sophistidated,
and lacked generality, and was not complete.

In the 1974 version, this aspect has been totally improved. The
theory has been closed by the concept of the cloud work function, A,
(Arakawa function). The c]oud mass flux can be derived from this
assumption. The theory was presented by Arakawa and Schubert (1974),.
and the practical procedure was described by Chao, Lord and Arakawa
(1975). |
(a) The basic equations of s and q

We will outline the 1974 version model, omitting the detail. Let

us start with the equations as

9ps ____; = 's!

1 + --==== = pl(c - e) - 3 BHZ S . ' (]].9)
apg : = w)'q' ‘
ot + e —————— D D(C - e) - 3 3z ’ (]].]O)

where ¢ is the condensation, e is the evaporation, and s is the static

energy. The correlation terms are expressed by

on)'s M (s - ),
(pW)'ql = MC (qc - 6) s | . | | ; »(]].]])
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where MC is the cloud mass flux defined by

M = I pw. o.

c ;o1

= W, O (11.12)

W; is the vertical flux inside the 1th cloud, o is the fraction area of
the ith cloud Wes Ses and q, are the vertical velocity, static energy and

mixing ratio of water vapor for clouds, s and g are those for environment.
Inserting (11.11) into (11.9) and (11./0) the basic equations are

rewritten as

gg“h __________ = pllc-e) - Z[M (s, - 9. (11.13)
_§E§+ mememeoss = - ple-e) - A M (g, - Q). (11.14)

The continuity equations for the cloud mass flux including the effects
of entrainment and detrainment are written under the assumption of the
steadiness,

F-p- k. (11.14)

w

3z
- BM SC _
ES-ns, - AMeSe oy ooy, (11.15)
Eq-Daq- —i”igz—‘lc - o =0, (11.16)

where E and D are the entrainment and detrainment.
Using (11.15) and (11.46) and eliminating the term including ¢, the basic

equations (11.9) and (11.10) are transformed to

Ps . - . ) aMeS
o + ES+D Sc Le + ~2 (11.17)
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~

3294. ----------- =-Ea+qu+e+M
at C 3Z

Similarly, the equations of motion are written as

— 3 Sy "
apy + e =~-~EFEu+Du + _M.C_ll

ot ' c 52
3BV 4 . - -Ev+Dy + Mev
ot o 52

(11.18)

(11.19)

(11.20)

These four equations are the basic equations. However, using (11.14),

we eliminate E, and

= ] .
i§1t1-+ ------------- =D (S,-S)- PLe +M 3>
— -~ a~
R =Dlag -+ pe +M 7

(11.21)

(11.21)

The term of condensation, c, and the terms of eddy transfer are modified

and the term ¢ is not included any more. These equations were derived

by Ooyama (1971) and Arakawa (1971). The next question is how M. is

derived, and what are S and 9c and e.

(b) The relations inside the clouds and the buoyancy for clouds

Assuming that the temperature at the cloud base is equal to that

of the environment, we have, for the i-th cloud,

S A = (h -h),
Si_SN'IT-Y_(i_ )s
— 'Y [
AT r (0 -

Kej
—y
1
0
—{—

- Lo
v Cp(aT bp

(11.22)

(11.23)

(11.24)
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.

% - *
h =s+Lgq ,

%*
q is the saturation moisture.

It is also assumed that the maximum height of cloud top is equal to

the vanishing buoyancy level. This level is determined by using the

virtual static energy SV as

Syi=Sy = 0, . ' (11.25)

th

where Svi is the value of the i cloud, and §V is approximately the

value of environment and

s, =S+ Cp T (0.608 q - 1), (11.26)

% is the Tliquid water. Using (11.22), (11.23), (11.25), and (11.26),

we have at the vanishing buoyancy level,

hi -h =0, (11.27)
where ‘ '
~k Tk T4+Y) oL - — .
=h - §+Y°i 5-cog- L[0-608 (q -q) - 2]. (11.28)
’E = f. at this level

(4]
]

C_ T/L
p /L
(c) The criterion for the occurrence of cumulus convection

Figure 11.4 shows the general relation among various moist static

energies. ﬁ*‘ h

i s e o e e i, e

is the saturation value, hB is the value in the mixed layer,
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~

h 1is the virtual moist static energy definéd'above, and'ZB is the depth
of PBL. The occurrence criterion for cumulus convection is given by

ade .
ﬁB> h at z = z,, (11.29)

since the excess of BB over'/r;:Ir is the buoyancy force.

Note that the lifted condensation level was not used in this approach.
(d) Cloud spectrum

Arakawa and Schubert (1974) 1ntroduced the concept of the cloud
spectrum, since there are var1et1es of clouds whose he1ghts are different.
In the theory, they used 1nstead of the c]oud he1ghts, the rate of
'entra1nment A as the 1ndependent variable for the spectrum. Thus the

total cloud mass flux is expressed by
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M (z) = sm(z,)) dr

L]

£mg(A)en (z,3) dry . (11.30)

where N is the factor indicating the cumulative effect of entrainment,
“and mB(A) is the cloud mass flux at the cloud base for the spectrum i, 0

is assumed to obey a simple entrainment relation such as

= - | (1.3

As shown in figure 11.5, if there is no entrainment, i.e., x=0, n has
the perpendicular line reaching the maximum. On the other hand, if A
becomes large, i.e., the entrainment increased, n becomes large rapidly

but it does not reach high Tevel.

. ,7(2 1}

Fig. 11 5 Schematlc proflles of the normallzed mass flux
n(z,A) for various A. the envelope of the curves is

n I}, A.D(zil, (Arakawa and Schubert, 1974).

In Arakawa's method, therefore, A and the cloud top, i.e., the

vanishing buoyancy Tlevel, ZD(A),are calculated. From eq. (11./%),(11.45),
and (11.46), we have |
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E-p- Moy o (11
"Eh-Dh_- ﬁﬂgéﬂn = 0. ~ ‘ (11

‘For the individual cloud sub-ensemble, we have

i E(Z) :

D(z)

; d(z)- my (1) oL | (1

‘Therefore, inserting these formulas in (11.32), (11.33), wé have

eh- 2l Lo
€-57°0, | (11

where we éfe concerned about the‘Tayers below the detrainment 1eye1,

that d=0. From the two equations, one can derivé

9 = an
52'("'hc) Y hs o (11

where h t h. Integrating this equation under the boundary condition
h.= ﬁB at Z=7;, we have
hc(z,x) = l—[ﬁB +A_/ﬂ n(z'.2) h(z2') dz* ] . - m
n z ,

B

The vanishing buoyancy level, ZD, is obtained such that

h(z,1) = h (2). D | (11

In other words, A and Zy(x) are found by solving the equation (11,49)

‘Wit the auxilliary equation (11.31) and (11.39).

s e(z,A)-‘mB'(x) d o, : .

.32)

.33)

34)

.35)

.36)

.37)

SO

.38)

that

.39)

.40)
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An example of hc(z,x) is shown in figure 11.6 The spectrum mB(A)
was obtained from observation by Ogura and Cho (1973), and Yanai et al.

(1974), Cho and Ogura (1974) in figures }1.é;, !].ﬁ{, and 11.9

400

600

pressure p{mb)

goo}

1000 78 79 80 81 a2
. R,h*and h, {cat/gm)

Fig, 11.6vertical profiles of A(2), A*(p) and F.(p\); k(p\)
lines are dashed and labeled with the value of A in percent per
kilometer. Profiles of £ and 5 * were cbtained from Jordan's (1938}

- “mean hurricane scason” sounding. The top pp of the mixed laver
is assumed to be 950 mb; ky is assuraed to be 82 cal gm™t.

Observations

Ogura and Cho (1973), Yanai et al. (1974)

101: - T : ¥ T T T T T T T T T T 3
? 5 g
= I ] 1001 104
2 z ;
s T 7 1 ]
°;§ 102 - ~ :
1] » ] - e
= r ] £101|- Joe2
= I 307
E I : Eﬂn : :‘ b
101 . . ! . ' ' M . ' | ! | |
0 02 Cs 06 ue ;0 1.2 L4 WA : 1078 .
X (kmd) . 0 200 400 pe(’;ws.)a) 800 1000
Fig.11.7: Spectral distribution Fig.11.8: Spectral distribution of
of th@ vertical mass flux as a the vertical mass flux as a function
function of the entrainment rate of the cloud top height, computed
A, computed from Eq. (40). from Eq.(40).

(Yanai et al). (after Ogura and Cho, 1973).
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(e) Determination of MB r
In order to determine the c]oUdfmass'f1UX;'anothékﬂcondition is
required. Arakawa and Schubert (1974) hypﬁfhéﬁized that cumulus convection
occurs such that the work done by the large scale environmental. circulation
is balanced with the work done by cumu]us’conyection. In practice, they
introduced a "cloud work function," A, which is the work done by buoyancy
force due to the heating of convection inside clouds as well as the jarge

scale environmehta] flow. The functional form is given by

| 1 -
A(x) = /Z'D .Cg_ " (z2.1) [S.(z,1) - S(2) 1 dz, | (11.41)

B &

where N is the normalized cloud mass flux and EET' (Se~ §) is the

buoyancy force exerted on the clouds. Then they assumed that

%%”’ - : (11.42)
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This is the most important and crucial assumption in UCLA's parameteri-
zation.

As stated above dA/dt is divided into two parts, i.e.,

[=1

A

B

t

Jal

A dA
—t_)c-*-(T)LSS

o

(11.43)

where ¢ and Ls denote the cumulus convection term and the large-scale
environmental circulation term. It can be shown that the first term is
whitten in terms of mp as

(da ) - S}‘max K(,2) mg(nt)dn

) (11.44)
é , ‘

where K(x,x') is the kernel which represents the contribution of other

clouds r' to the cloud A in question. The term ( g%-) does not include

) Ls
Mg at all, i.e.,
dA
(5%) =F®) . (11.45)
dt Ls ‘
Thus we have
A
df K(x,A') mB(k')dA‘ + F(a) =0 (11.46)

[+
g is solved for the given F(x) and K (a,n'). mB(A) must satisfy either
mg > 0 and f K-mB di\'* +F =0 (11.47)
‘or
my = 0 and 5 K mp dx' + F < Q. A(11,48)
The numerical algorithm to obtain F(1) and k(xsx') is described by Chao,
Lord, and Arakawa (1974). First F(1) is calculated in the following way.

Using the provisional temperature and moisture fields that are predicted

s
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by the large-scale processes alone over the time interval At, the
temporary change of A(A) is calculated, and it corresponds to F(A\);
FO) = (gg) st |

K(x,n') is the rate of increase of A(r) for type A clouds through
the modification of the environment by type A' clouds per unit Mg« Thus
K (x,A') is calculated in the following way. First predict temperature
and moisture field over At with unit mass flux mB(A‘) and zero mB(x")

for all A" such that A" # A'. Then the resulting change of A(1) due

to the predicted variables, divided by at, gives K(i,r').
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12.  Comparison tests with the refined parameterizations.

Despite the importance of the problem, the papers on comparative
studies of the subgrid-scale processes are few in number, (Delsol et al,
1971; Elsberry and Harrison, 1972; Ceselski, 1973; and Washington and
Baumhefner, 1974). The first paper (Delsol et al, 1971) investigated
the effect of the boundary layer parameterization, and concluded that
the effect of Tand-sea contrast of surface drag is the most substantial
of the boundary Tayer processes, and secondly, that the PBL processes
could be important. Nevertheless, the predicted flow field in the extra-
tropics reflects Tittle influence by the different parameterization
schemes after ten days. The second paper (Elsberry and Harrison, 1972)
reported the test of 24 hour forecasts for the Caribbean area with 3
different schemes of Tatent heat parameterization. The schemes selected
were those of Kuo (1965), Pearce-Riehl (1968), and Rosenthal (1968),
though the first and the third methods are similar toc each other. The
conclusion by Elsberry and Harrison was that the three schemes behaved
quite similarly in the prediction of the Tow center, although the regions
of precipitation maxima were quite different. So far as the case of
non-developing tropical disturbances is concerned, the Pearce-Riehl
method most closely predicted the region of actual precipitation maximum.
The third paper (Ceselski, 1973) studied the effect of various schemes
of cumulus convection, i.e., the CISK method based on Yamasaki, Kuo's
method, the moist crnvective adjustment, and the Arakawa 1969 version.
The conclusion from 48 hour forecasts was that all parameterizations

produced forecasts of a similar nature; however, the convective adjustment
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and the Arakawa 1969 version appears to be less desirable for real data
forecasting because they showed exce551ve heatlng and produced dis-
organized weather systems.

Washington and Baumhefner (1974) applied two schemes of cumulus
convection parameterization to the NCAR general circulation model, {.e.,
the moist convective adjustment and the method of Krishnamurti and Moxim
(1971). However, the moist convective adjustment they used is slightly
different from what was described earlier; the adjustment follows the
moist adiabat for upward motion and the dry adiabat for downward motion.
The experiments indicated that 'the two methods lead to moderate differénces

~in statistics, but it is difficult to conclude which is better overall."
They also mentioned that "the Krishnamurti-Moxim scheme leads tO'tropica]
lapse rates closer to observed than the convective adjustment, but the
rainfall rates are smaller than observed, and the overall temperatures
~in the tropics are colder than normal." |
Summarizing the above three papers, it may be said that the subgrid-
- scale processes of various versions gave the 'similar flow patterns for
one-day or two-day or even ten-day forecasts, though the preCipitations
appeared quite different. Anyway, the results of these experiments
turned out to be inconclusive, and it is felt that further study is
definitely required. In GFDL, such comparative study is under way
(Miyakoda and Sirutis, 1975). It was intended originally to present
here the results of this experiment, but it is clear that it is not
possible, since the experiment is not finished.

The only thing that has been achieved so far is the construction of

three different models and to make ten-day predictions with two of the
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models. The tentative names of the three models are: A-model, E2-model,
and F1-model. A and E2 models use the moist-conyective adjustment,
wheras Fl-model uses the recent Arakawa scheme for the parameterization
of cumulus convection. For the vertical mixing in the PBL and free
atmosphere, A-model uses the mixing-length approach, where the mixing-
length is zero above about the 3km level; E2-model uses the Mellor-
Yamada's turbulence closure level 2 model, and the Fl-mode] employed the
mixed-Tayer method in the PBL and no mixing in the free atmosphere except
inside cumulus convection. For the surface layer processes, A-model uses
Prandt1's aerodynamical method for the case of neutral stratification;
E2-model uses Monin-Obukhov version, and F1-model employed Deardorff's
drag law and heat and moisture transport method. Heat conduction in the
soil is included in the E2 and F1 models only.

Figures T1.1 and 11.2 are the Tatitudinal distribution of the ten-
day averaged rainfall and evaporation for the A and F2 models. It is
interesting to note that the difference is extremely large, indicating
that the boundary layer processes are very influential on the conden-
sation and evaporation in the tropics (in addition to the sea surface
temperature). Figure 11.3 and 11.4 are the zonally averagea zonal
component of wind at the tenth‘day in the meridional section for A-model
and E2-model, respectively. In A-model, the easterlies in the equatorial
region are weak, whereas in E2-model they are strong, which favorably
corresponds to reality. It appears that the vertical mixing in Mellor-
Yamada's closure model 1is operating at that level; the importance has
already been mentioned by Stone et al. (1975), though in our case the

equivalent eddy viscosity coefficient is much smaller than theirs. A
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similar effect can be seen iﬁ the mid-latitudes; the intensity of the
westerlies is weaker in E2-model than in A-model. The weaker westerlies
correspond more closely to observation. The importance of vertical
mixing was also pointed out by Lilly (1972).

F1-model ran for about two days, but it was noticed that the rate
of condensation is too large over land, indicating that some troubTe
exists in the processes of the surface layer as well as in the treatment

of soil moisture.
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