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ABSTRACT

Two-week predictions were made for two winter cases by applying the Geophysical Fluid Dynamics Laboratory
high-resolution, nine-level, hemispheric, moist general circulation model. Three versions of the model are discussed:
Experiment 1 includes the orography but not the radiative transfer or the turbulent exchange of heat and moisture
with the lower boundary; Experiment 2 accounts for all of these effects as well as land-sea contrast; Experiment 3
allows, in addition, the difference in thermal properties between the land-ice and sea-ice surfaces, as well as an 809,
relative humidity condensation criterion reduced from the 1009, criterion in Experiments 1 and 2.

The computed results are compared with observed data in terms of the evolution of individual cyclonic and
anticyclonic patterns, the zonal mean structure of temperature, wind, and humidity, the precipitation over the
United States, and the hemispheric energetics.

The forecast near sea level was considerably improved in Experiments 2 and 3 over Experiment 1. The experiment
succeeded in forecasting the birth of second and third generation extratropical cyclones and their behavior thereafter.
The hemispheric sum of precipitation was increased five times in Experiment 2 over that in Experiment 1, and even
more in Experiment 3, the greatest contribution occurring in the Tropics. Two winter cases were considered. The
correlation coefficients between the observed and the forecast patterns for the change of 500-mb geopotential height
from the initial time remained above 0.5 for 13 days in one case and for 9 days in the other.

There are, however, several defects in the model. The forecast temperature was too low. In the flow pattern
the intensities of the Highs and Lows weakened appreciably after 6 or 8 days, reflecting the fact that the forecast
of eddy kinetic energy was less than the observed. On the other hand, the intensity of the tropospheric westerlies

was too great.
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1. INTRODUCTION

This is an extension of the work of Smagorinsky,
Strickler, et al. (1965) that was presented at the Moscow
Symposium on Dynamics of Large Scale Processes in the
Atmosphere. That paper discussed a set of 4-day predic-
tions made with a general circulation model. In the
present study, refined versions of that model have been
applied to an extended prediction period of 2 weeks.

The period of 2 weeks was chosen for several reasons.
A period of 4 days is not long enough to study the bias in
the mathematical prediction model, if thereis any, because
the solution at the 4th day obtained by a model is still
undergoing initial adjustment. Second, it may be desirable
to cover the period of a zonal index cycle that has a charac-
teristic time scale of 11 to 14 days. Third, there has
recently been a great deal of discussion about the predic-
tability of cyclone-scale systems through the hydro-
thermodynamical method. According to the recommenda-
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tions of the Panel on International Meteorological Co-
operation to the Committee on Atmospheric Sciences,
National Academy of Sciences, U.S.A. (1966), “the limit
of deterministic predictability for the atmosphere is about
two weeks in the winter and somewhat longer in the
summer.” We, of course, agree with the concept that ‘it
would be impossible to make determinate forecasts for
arbitrarily long time intervals, because of the continuous
character of the turbulent spectrum and the limitations
of any observational net.” It might, however, be unduly
pessimistic to speculate that, within & days or 10 days or
2 weeks, the forecast result on the synoptic scale is utterly
different from the observed. One purpose of the present
study 1is, therefore, to challenge this idea. Our attitude
might seem naive to those who accept the short limit of
predictability. We believe that it is still worthwhile to
attack this problem from a standpoint different from
previous works, even if the limit may eventually prove
to be 2 weeks.

In order to make a 2-week prediction, it is quite
probable that radiant energy must be considered to main-
tain large-scale atmospheric features. On the other hand,
past experience (for example, Bushby and Hinds, 1955)
tells us that the effect of the land-sea contrast is also very
important even for 1- or 2-day predictions (together with
the orographic effects). These effects have been included
in our prediction model.

Other processes were also included in the hope of
improving the prediction model. The present study con-
tains three major experiments. Why these experiments
were designed and what results were achieved will be
described in the main part of this paper. Many of the
details are given in the Appendixes.

2. THE PREDICTION MODEL

The basic equations used in this study were described
in the papers by Smagorinsky, Manabe, and Holloway
(1965) and Manabe, Smagorinsky, and Strickler (1965).
The general characteristics of the model are: nine vertical
levels (see table 1); primitive equations; hemispheric;
N=40 horizontal resolution (there are 40 gridpoints
between the Pole and the Equator, so the grid size is
approximately 320 km at the Pole, 270 km at midlatitude,
and 160 km at the Equator); “moist”” model including the

orography (fig. 1).

All the equations governing the atmospheric state and motion
are defined on the stereographic projection map at nine vertical
levels using Phillips ‘“‘o-coordinates.”” The lateral boundary is
roughly at the Equator and is an insulated, free-slip ‘“wall.”” The
surface pressure is variable with time and space. The internal
viscosity is Smagorinsky’s nonlinear version (with effective Karman
constant k=0.4). The surface friction is such that the drag co-
efficient is everywhere constant. The horizontal gradient of geo-
potential height is computed on constant pressure surfaces. (See
Smagorinsky, Strickler, et al., 1965). The differential equations
are then approximated by the Arakawa-Lilly “kinetic energy
conserving’’ finite difference method. The entire Northern Hem-
isphere is covered by 5,025 gridpoints per level.

Temperature is determined by the usual thermal equation, and
in addition the lapse rate is instantancously adjusted to the dry
adiabatic rate in any layer in which it is exceeded.
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The hydrologic processes are incorporated. Water vapor is
transferred three dimensionally by existing winds. Then the process
of small-scale convection, i.e., subgrid-scale convection, is simulated
by a “moist adiabatic temperature adjustment.”” The temperature
is instantaneously adjusted to the moist adiabatic lapse rate when-
ever supersaturation occurs and at the same time the lapse rate
exceeds the moist adiabatic lapse rate. On the other hand, large-
scale condensation is assumed to take place if supersaturation
occurs and the lapse rate is submoist adiabatic. The heat released
by these condensation processes is fed back into the corresponding
layer.

Shortwave and longwave radiation is caleculated by Manabe and
Strickler’s (1964) scheme. Cloud coverage is taken from Telegadas
and London (1954) and London (1957). These data are climatological
monthly means (see tables in Appendix I) which are functions of
latitude and height. The gases which act as absorbers of radiant
energy, including water vapor, are climatological monthly means
and are also functions of latitude and height (see table in Appendix I).

The sea-surface temperature used in this study is the January
normal (fig. 2), which is assumed constant with time during the
entire prediction period. The turbulent transfer of momentum, heat,
and moisture in the boundary layer is taken into account. The
land-surface temperature is determined through the heat balance
at the surface, where the soil is assumed to have no heat capacity.
The albedo of the sea is taken from Budyko (1956). The albedo of
land is assumed to be a function of latitude only, taken from
Kung, Bryson, and Lenschow (1964) and Posey and Clapp (1964)
(see Appendix I). The “availability’”” of soil moisture on land (see
Saltzman, 1967, for the definition), which is used for determining
evapotranspiration, is assumed 0.5 everywhere over land, and 1.0
over sea. The snowline is fixed with time, and, when computing the
heat budget at the ground, the surface temperature north of this
snowline is not allowed to exceed 0°C (the excess heat is assumed
to melt some of the snow).

It should be noted that the following effects were not taken into
account: the diurnal or seasonal variations of insolation, the time
and space change of albedo due to the deposit of new snow, the
response with the oceans, and the time and longitudinal variation
of cloud cover.

In the present study, experiments were made with three
versions of the model:

Experiment 1 has no radiative transfer and no turbulent
exchange of heat and moisture with the earth’s surface.
This result was reported previously by Smagorinsky,
Strickler, et al. (1965).

Experiment 2 includes the effects of radiative transfer
and turbulent exchange with the surface and also accounts
for land-sea contrast.

Experiment 3 contains, in addition to these features, the
difference in thermal properties between the land-ice and
sea-ice surfaces, and the condensation criterion is 809,
instead of 1009, as in Experiments 1 and 2.

TasBLE 1.—Standard heights and pressures of the nine-level model
p: pressure, px: surface pressure

Level k 1 P/Ds Standard height (km)
1 } . 008916 31.60
2 J . 074074 18.00 (Stratosphere
3 | 188615 12.00
4 i . 336077 8.30
5 i . 500000 5.50
6 | . 663923 3.30 ) Troposphere
7 | .811385 1.70
8 1 il ] ot Boundary layer
9 ; 991084 P ket

|
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Ficure 1.—The orography. The lighter solid contours are elevations in 2,000-ft intervals and are marked by italics in thousands of feet.
Extrema are indicated by stars.

The reasons for doing these particular experiments will
be discussed later.

Concerning the speed of the present prediction model,
10 hr of computing time are required for each day of the
prediction with the UNIVAC 1108 computer. An addi-
tional 1 hr for each day is used in checking and computing
diagnostic integrals.

3. INITIAL CONDITIONS

The forecasts were made for two initial data cases. One
was for the 2-week period which began 1200 cuvT, Jan. 9,

1964, and the other was for the period which began 1200
GMT, Jan. 4, 1966. Note that the 1964 case was also used
by Smagorinsky, Strickler, et al. (1965). The 1964 case
includes Experiments 1, 2, and 3 (also referred to as
53F, 53G2, and 53J) for the three versions of the model
mentioned in section 2. The 1966 case was used in the
Experiment 3 version (also referred to as 61J). Analyzed
aerological data were supplied by the National Meteoro-
logical Center (NMC) at Suitland, Md.

Height analyses for 11 mandatory pressure surfaces from 1000
mb to 10 mb and temperature analyses for 10 levels, from 850 mb
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F1GURE 2.—Sea-surface temperature, the January normal in °K, and the sea-ice area, stippled (after U.S. Navy Hydrographic Office, 1944).
The real geography is given by thin lines, and the model geography is by thick lines.

to 10 mb, were made. The moisture data for the 850-, 700~, and
500-mb levels were specially analyzed for these experiments by
NMC. The initial relative humidity above 300 mb for the 1964
case was assumed 10%. We noticed later, however, that this value
was too high, so for the 1966 case the value was assumed to be 09.

The NMC data were given on the octagonal hemispheric 1,977-
point grid with the grid distance equal to 408 km at the Pole.
These data are redefined by linear interpolation onto the present

quasi-circular 5,025-point grid with the grid distance of 320 km
at the Pole.

In the operational NMC analysis, no data south of
15°N were included. The tropical area in our forecasting
domain was, therefore, filled with smoothly extrapolated
values for geopotential height, temperature, and water
vapor, and with zero for wind velocities.
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The “initialization” of the data was made by conven-
tional techniques. The horizontal wind velocity was
obtained by solving the so-called ‘balance equation” and
the vertical velocity was by the “w-equation.”

In the following sections, for the sake of simplicity, the
specific illustrations will be mostly for the 1964 case, but
the results of the 1966 case are also reflected in the
discussion.

4. EXPERIMENTS 1 AND 2

Figure 3 shows an important result of Experiment 1. It
is the error in temperature, i.e., the forecast hemispheric
mean temperature by Experiment 1 minus the observed
as a function of height. It is noted that the computed
temperature in midtroposphere during the forecast be-
comes higher than the observed, whereas in the lowest
troposphere it becomes lower than the observed. The
reason may be that heat was released by condensation,
and there was no compensating effect such as radiative
cooling, or interchange of heat with the surface. The
dynamics of the atmosphere normally tends to stabilize
the temperature distribution, especially in the lowest
levels.

In expectation of removing this error, additional
physical effects were included in the more sophisticated
model used in Experiment 2. Before discussing the tem-
perature in Experiment 2 we should first examine the
time evolution of precipitation and evaporation for
Experiments 1 and 2 in order to determine the difference
in latent heat release. Figure 4 shows that:

1) The precipitation in Experiment 2 is five times
greater than in Experiment 1.

2) The precipitation starts from small values, increases
fairly rapidly, and levels off after about 4 days.

3) The rate of evaporation is large at the very be-
ginning.

4) The rate of precipitation becomes balanced with
that of evaporation as computation goes on.

To understand 1) better, it may be useful to look at
the latitudinal distribution of precipitation (fig. 5).
These are 24-hr rates obtained by taking the zonal and
time average for Experiment 1 (0—4 days), Experiment
2 (3-14 days) and Experiment 3 (3—11 days), where the
number of days in parentheses is the averaging period.
As was seen in figure 4, the precipitation in Experiment 1
is already near its maximum level after the first day,
so the averaging was started with the first day. One of
the most noteworthy features of Experiment 1 in figure 5
is that the distribution has no maximum at the Equator,
whereas those of Experiments 2 and 3 have sharp peaks
at the Equator.

This shows that much of the precipitation in Experi-
ment 2 occurs in the Tropics, though even at middle
latitudes the rate of precipitation in Experiment 2 is
twice as large as that in Experiment 1. This is due to
both the supply of water vapor from the surface and the
radiative exchanges, which are allowed in Experiment 2
but not in Experiment 1. The radiative process over
land is important because together with the high sea-
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Ficure 3.—Temperature error, i.e., the computed minus the
observed temperatures, which are hemispherically averaged, in
Experiment 1 is shown for 1, 2, 3, and 4 days. The ordinate is the
vertical level.

surface temperatures in the Tropics it contributes to the
destabilization of the atmospheric stratification. The
two maxima in the precipitation distribution were also
characteristic of the general circulation study (Manabe
et al., 1965), in which the tropical peak was even sharper.

This may be shown more clearly by figure 6, where the
latitudinal distribution of the 24-hr precipitation rate
is displayed for the 1st, 3d, and 5th days for Experiment
2. The precipitation starts first in the middle latitudes,
and then it develops in the Tropics. This point is related
to 2) above. Our initial data have no disturbances in the
tropical area, so that it takes time for tropical precipita-
tion to develop.

Figure 7 illustrates the time evolution of the rates of precipita-
tion at the two maxima, i.e., at 3°N and 39°N lat. It appears to
take about 4 days for the tropical precipitation to reach its equi-
librium although some increase is noticed after that time.

A more detailed analysis reveals that the condensation
in the Tropics started over land. The disturbances ap-
parently developed first near the tropical mountains in
the initially calm Tropics, though this effect was diminished
later.

As for 3) above, the larger initial rate of evaporation
results from a defect in the initialization technique. The
surface wind was computed by the ‘“balance equation”
excluding surface friction, so that the wind intensity was
too large initially, and accordingly evaporation was
intensified.
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Ficure 4.—Time evolution of the 6-hr rates of precipitation (solid
lines) and evaporation (dashed lines) hemispherically averaged
for Experiments 1, 2, and 3.
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F1cure 5.—Latitudinal distribution of the 24-hr rate of precipitation
for Experiments 1, 2, and 3.

Next, let us look at other characteristics of the precipita-
tion forecast. Figure 8 is the land and sea distribution of
precipitation for the period of 3-14 days. The dots in the
figure are the estimated precipitation for winter by
Maoller (1951). It may be seen that in the middle latitudes
the precipitation over the seais greater than over land in
both results. In the Tropics, the precipitation is much
greater over land than over sea, although this tendency is
not observed in Maéller’s result. Note that the condensa-
tion over the sea at high latitudes is extremely high.
Analysis revealed that this result is due to the extreme
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Figure 6.—Time variation of the latitudinal distribution of the
24-hr rate of precipitation in Experiment 2. The curves are for
1, 3, and 5 days.
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Ficure 7.—Six-hour rates of precipitation at the two latitudes of

maxima, 3° and 39°N, in Experiment 2. The abscissa is time
in days.

coldness over the land and sea ice in the lower part of the
model atmosphere in contrast to the relatively warm
temperature of the very small area of open sea at high
latitudes. We will return to this point later.

Let us next consider the heat fluxes from the surface.
Figure 9 is the latitudinal distribution of the turbulent
fluxes of latent and sensible heat over land and sea. The
winter data from Budyko (1963) over sea are also shown.
It is seen that the heat fluxes over sea at high latitudes
are extremely large. As mentioned earlier, this is partly
caused by the erroneous coldness over land. The effect
is amplified because of the small area of open sea at high
latitude in January.
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Ficure 8.—Latitudinal distribution of the 24-hr rates of precipi-
tation over land and sea in Experiment 2. The dots are estimated
data for winter by Moller (1951). The small solid circle is forsea,
and the triangle is for land.

Now to return to the discussion of the temperature
error. Figure 10 is the vertical profile of hemispheric mean
temperature error in Experiment 2. Contrary to the case
of Experiment 1, the computed temperature is appreci-
ably lower than the observed. Even at the 13th day, the
cooling tendency in Experiment 2 continues.

This characteristic has already been noticed by Manabe
et al. (1965). In that experiment, the computed tempera-
ture at the 500-mb level was 5°C less than the observed.
However, the two results are not exactly comparable,
because the general circulation study treated the annual
mean, whereas we are now dealing with a particular
January.

To examine this degeneracy in greater detail, a height-
latitude diagram of the temperature error of Experiment 2
at the 11th day is given in figure 11. We see that the
cooling is especially pronounced at high latitudes near the
surface and also at middle latitudes in the middle tropo-
sphere and stratosphere. The local temperature deficit at
high latitudes sometimes amounted to as much as 50°C.

Because of this discrepancy, one may suspect some type
of error in the radiational computation. The net transfers of
radiant energy at the surface and at the top of the atmos-
phere have been computed and verified against those of
London (1957) (see fig. 43 in Appendix IT). The agreement
is good. However, in our experiments we used the same
cloud coverage as was used by London. It is also noted
that the albedo of land at that latitude is irrelevant in

327-215 0 - 69 - 2
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Figure 9.—Latitudinal distribution of turbulent heat flux at the
lower boundary in Experiment 2, averaged for 14 days. SEN.
(SEA) and SEN. (LAND) are the sensible heat fluxes over sea
and land, respectively. LAT (SEA) and LAT (LAND) are the
latent heat fluxes over sea and land. Budyko’s (1963) winter
values of moisture and heat fluxes over the sea are shown by
small solid circles and triangles, respectively.

the present computation, since thereis no insolation in the
polar night.

Tt is thought that the excessive cooling at high latitudes
may be explained, at least in part, by two effects. One is
that the difference in the thermal properties of land ice and
of sea ice has to be considered. Another point 1s that a
fictitious “land breeze’’ effect might be accelerating the
cooling tendency.

We shall return to the former in the next section, but
will now discuss the “land-breeze’” effect. When the land-
sea contrast is accounted for in the model, a strong
temperature gradient develops along the coast. Under this
situation, erroneous cold spots are created if the wind
blows from land to sea. Figure 12 illustrates this, though
it is for Experiment 3. The temperature at level 9 some-
times becomes very low, say —50°C. Note that these
temperature errors are not produced if the wind direction
is from sea to land.

Our interpretation of this result is that a strong temperature
gradient will produce a land breeze, but the present grid cannot
properly resolve such small-scale developments (about 100 km)
and a considerable truncation error is created.

In connection with the temperature discrepancy at
middle latitudes which was mentioned above, one may
consider the possibility that an increase in the amount of
condensation may contribute toward eliminating the
temperature deficit.

As a matter of fact, the humidity computed in Experi-
ment 2 appeared too large in comparison with the ob-
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Ficure 10.—Temperature error, i.e.,/the computed minus the ob-
served hemispherically averaged temperatures, in Experiment 2 is
shown for 1, 4, 7, 10, and 13 days.

served humidity. In figure 13 are shown the forecast
time variation of the latitudinal distribution of hu-
midity at 850 mb in Experiment 2 and the observed
variation. This may indicate that when the 1009, con-
densation criterion is used, the water vapor storage is
overestimated. This tendency was also noted by Manabe
et al. (1965). In that report the humidity is found to be
even higher than in the present study (see also figs. 72-88
in Appendix III).

5. EXPERIMENT 3

In Experiment 3, the condensation criterion was set
to 809, instead of 1009,. The argument for a reduced
criterion was made by Smagorinsky (1960). The hu-
midity that we are concerned with is, so to speak, the
gross humidity, which is a space-averaged quantity.
Namely, with a finite grid size the upper limit of the
relative humidity need not be 1009,. If the grid size were
reduced to zero, the criterion should converge to 1009%,.

Presumably, the limit should also depend upon the height
and the latitude of the place at which the condensation
occurs. Since little was known about the spatial distribu-
tion of the limit, 809, was employed at all latitudes and
at all heights in the present study.
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Ficure 11.—Meridional section of the zonally averaged tempera-
ture error in Experiment 2 for the 11th day in units of °C. The
areas where the difference is more negative than —2°C are stip-
pled, and those where the difference is larger than 2°C are shaded.
The ordinate is the vertical level.

This criterion was already tested in the previous experi-
ment (Smagorinsky, Strickler, et al., 1965). It was then
concluded that only a slight increase in precipitation was
obtained in the area north of 45°N, but the precipitation
over the area south of 45°N was nearly doubled compared
to that for the 1009, criterion. But the forecast period in
that experiment was only 12 hr.

This time we extended the period to 2 weeks. This
would, we hoped, provide us with a greater insight on
this problem. One could expect that the allowed water
vapor storage would be reduced by the lowered condensa-
tion criterion. Simultaneously, the rate of evaporation
would be increased, the condensation would be increased,
and accordingly more heat should be released.

Another degree of freedom added in Experiment 3 is the
distinction in the thermal properties of surface land ice
and sea ice. Recognition must be given the fact that there
is a great dedl of heat conduction through solid ice over-
lying a sea surface, as well as through breaks in the ice.
According to Sverdrup et al. (1942), quoting the result of
the “Maud” expedition 1918-25, the temperature at the
surface of the ice (covered by snow) for the Northern
Hemisphere varies as shown in table 2.

In the present experiment, therefore, we assumed that
the surface temperature of the sea ice is —28.0°C. The
availability of moisture over sea ice was arbitrarily as-
sumed to be 0.5 (the same as over land).
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B Ho (%) 53

3 Days

F1GURE 12.—An example of the fictitious “land breeze” effect along
the coast of the North American Continent at the 3d day in
Experiment 3. (A) temperature at o-level 9 is shown by contours
in °K at an interval of 5°K. The wind velocity at level 9 is also
illustrated by arrows. The cold spots in question are seen on
both the East and the West Coast. It is noted that the extremely
cold area over the sea ice in Experiment 2 is not found in this
result of Experiment 3. (B) relative humidity in percent at level 9
is shown by contours. The moisture saturation area, where the
relative humidity is 809, is shaded. The coastlines are indicated
by small segments of slanting lines. The erroneous cold spots in
the upper figure correspond to the area where the humidity is
extremely low in this figure.

Let us first look at the time variation of humidity at the
850-mb level in Experiment 3 (fig. 14). This figure can be
compared with the observed humidity in figure 13. It is
evident that the humidity in Experiment 3 is much
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Ficure 13.—Latitude-time diagram of the zonally averaged
relative humidity in percent at the 850-mb level. (A) the observed,
and (B) the computed humidity in Experiment 2. The area where
humidity is higher than 709, is shaded, and that where it is less
than 559 is stippled.

closer to the observed than it was in Experiment 2, as far
as the 850-mb level is concerned.

Next we turn to the temperature prediction. The
vertical profile of the hemispherically averaged tempera-
ture error in Experiment 3 is shown in figure 15. In com-
paring it with the result of Experiment 2 (fig. 10), we see
that the temperatures at levels 1, 2, and 3 are not very
different, but those at levels 4 through 9 have been clearly
improved, especially after the first 4 days. It is noted that
the temperature deficit is already large in the first 4 days.
This is probably due to the deficiency in the amount of
condensation at the beginning of the forecast. However,
the final temperature deficit, after a sufficient period of
time, may not be influenced by this initial handicap.

Figure 16 is the height-latitude diagram of the tem-
perature error at the 11th day in Experiment 3, which
corresponds to figure 11 for Experiment 2. First of all, the
temperature at the lowest level at high latitude is closer
to the observed temperature than that of Experiment 2,
but still deficient. The middle troposphere in the sub-
tropics and in the middle latitudes is slightly warmer than
in Experiment 2. This is due to the increased release of
heat by condensation.

Yet the computed temperature is still lower than the
observed. The largest underestimation occurs at level 3
near the Tropics (not shown here). Factors which might
contribute to this deficiency are the lack of a seasonal
march of temperature due to the fixed zenith angle of the
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TABLE 2.—Annual variation of the surface temperature of sea ice,
after Sverdrup et al. (1942) in °C

Jan. | Feb. ‘ Mar. 1 Apr. } May ’ June
—28.0 —30.9 —-29.1 —21.6 —-7.4 —1.8
July Aug. Sept. Oct. Nov. Dec.

—0.0 —0.0 —4.7 -12.3 —23.0 —29.9

LATITUDE (DEG.) ——
e
&
T

>

3 4 5 6 7 8 9 10 1
DAY ——s

FiGure 14.—Latitude-time diagram of the computed relative
humidity in percent in Experiment 3 at the 850-mb level. This is
compared with figure 13.

sun, and also the assumption that the heat capacity of the
land is zero. The cold stratospheric temperature might be
due to an abrupt drop in the vertical gradient in the
mixing ratio of water vapor that is used for the radiation
computations in the stratosphere (see Appendix I). This
discrepancy in stratospheric temperatures will be dis-
cussed again later.

Next let us look back at the latitudinal distribution of
precipitation in figure 5. It may be seen that at the
Equator the precipitation in Experiment 3 is almost the
same in amount as in Experiment 2, and in the middle
latitude it is greater than in Experiment 2. The sub-
tropical minimum 1is shifted northward, i.e., 21°N in
Experiment 3 from 15°N in Experiment 2. Furthermore,
the amount of precipitation at the minimum point is
appreciably higher. In other words, the heat released by
condensation in Experiment 3 is more evenly distributed
with latitude than in Experiment 2. This is an important
characteristic of Experiment 3. As will be mentioned later,
this feature is relevant to the atmospheric circulation,
especially in the Tropics and also to some extent in the
middle latitudes.

Figure 17 distinguishes between the precipitation over
the land and sea in Experiment 3; it should be compared
with figure 8 for Experiment 2. One can see that the
increase of precipitation in Experiment 3 over that in
Experiment 2 is conspicuous over the sea. Comparing the
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Ficure 15.—Hemispherically averaged temperature error for
Experiment 3 at 1, 4, 7, 10, and 13 days. The ordinate is the
vertical level.

computed precipitation with Moller’'s data (1951), the
precipitation over the sea in Experiment 3 is much higher.
But this may not necessarily imply that the precipitation
in Experiment 3 is overestimated.

The turbulent flux of heat and moisture at the surface
is displayed in figure 18, which can be compared with
figure 9 for Experiment 2. It is noticed that the evapora-
tion over the ocean is increased greatly in Experiment 3
and that the sensible heat flux over the sea is decreased
significantly in Experiment 3 (see the hemispheric evapora-
tion in figure 67 of Appendix II).

The elimination in Experiment 3 of the large precipita-
tion and the large sensible and latent heat fluxes at high
latitudes over the sea is partly due to the increased tem-
peratures of the sea ice effect. However, the areas con-
sidered are not identical in that the area covered by sea
ice was included with the land points in Experiment 2
but counted as sea in Experiment 3.

6. SYNOPTIC PATTERNS
THE OBSERVED 1000-MB GEOPOTENTIAL FIELD

In short-range forecasts, i.e., 1 or 2 days, the movement
of cyclones and the tendency for deepening or filling are
the major problems. On the other hand, in a 2-week
forecast, the life histories of cyclones are also important
features of the prediction. The model should be capable
of simulating all of these variations.

Before going into a discussion of the prediction results,
it is perhaps useful to describe the actual evolution of the
individual cyclone and anticyclone patterns of the 1964

case.
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Ficure 16.—Meridional section of zonally averaged temperature
error for Experiment 3 at the 11th day in units of °C. See figure 11
for the details.

Figure 79 in Appendix II is the daily series of 1000-mb
patterns of geopotential height for 15 days from the 9th
through the 23d of January 1964. Incidentally this example
was described by Sawyer (1965) in detail. As he mentioned,
the most characteristic feature of this case is the blocking
anticyclone which was located over the British Isles and
persisted virtually intact from December 1963 through
February 1964.

There were three major cyclones over the entire
Northern Hemisphere. For the sake of convenience, we
shall name these cyclones A, B, and C. A was located over
the Pacific Ocean, and it moved gradually for 10 days
from near Japan to the Rocky Mountains in North
America. B stayed at almost the same place over the
Atlantic Ocean off the west coast of Europe; it was
blocked by the anticyclone. € was persistently located
over northwestern Siberia.

It is interesting and important that near Formosa in
Asia and over the Gulf of Mexico or sometimes near the
northern Rocky Mountains, new cyclones were formed
every few days. They developed rapidly within a couple
of days, moved northeastward, and then merged into the
preexisting major cyclones. It is likely that these cyclones
are generated only when upper level vortices pass over the
points in question. (Namias (1954) mentioned cases in
which the genesis is related to the basic long-period mid-
tropospheric wave patterns.) The areas of cyclone de-
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Ficure 17.—Latitudinal distribution of the 24-hr rates of precipi-
tation over land and sea in Experiment 3. See figure 8 for further
explanation.

velopment correspond roughly to the so-called west Pacific,
the Atlantic, and the middle Pacific polar frontal zones.

Let us call the newly formed cyclones A’, A”', B, B"', etc. for
the two regions, i.e., east of the Asian continent and over the
United States, respectively. For example, A’ is the second genera-
tion cyclone formed over Formosa. The following is the record of
new cyclones for the 2 weeks. The number in parentheses indicates
the day of cyclogenesis or merging. For example, the fact that
A’ is merged into A is expressed by A’ —A.

Genesis: A’ (3), A" (8), B’ (0), B'" (3), B""" (8), BV (10),
BY (13). BV and BY were formed near the northern Rockies.

Merging: A’—A (6), A"’ became major cyclone (11), B’—B (3),
B'"—B (6), B’’’ became major cyclone (11), BIV—B (14).

THE PREDICTED 1000-MB GEOPOTENTIAL FIELD

The series of the daily predicted patterns of 1000-mb
geopotential height in Experiment 3 are shown in figure
49.

As seen, the blocking anticyclone continued to stay
over or near Europe during the entire 2 weeks. This agrees
well with the observed. Concerning the forecast of the
formation and merging of cyclones, it can be safely said
that the formation of the third generation cyclone B’’ on
the 3d day was successfully computed, and also that the
merging of B’ into the major cyclone B on the 6th day
was well predicted. In detail the results are as follows:

Genesis: A’ (3), A’" (8), B"' (3) are successful, and BV (10) is
also good. But B’’’ (8) and BV (13) are unsuccessful. Note that
B''" appeared in the prediction on the 10th day, so there was a
2-day discrepancy.

Merging: A’ became major cyclone (11) and B’"' became the
major cyclone (11). B’—B (3) and B’ —»B (6) are successful, but
A’—A (6) is not good.
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FiGure 18.—Latitudinal distribution of turbulent heat flux at the
lower boundary in Experiment 3, averaged for 10 days. See
figure 9 for further explanation.

It is quite significant that even after 14 days it is possi-
ble to find a one-to-one correspondence between the cy-
clones of the observed and the computed patterns.

Perhaps the largest defect in the present forecasts is
that the amplitude between the cyclones and anticyclones
diminishes progressively and considerably with time.

Another shortcoming in the present forecast is the wiggling
(roughness) in the pattern of geopotential height which becomes
more pronounced as the computation continues. The general circu-
lation experiments show greater wiggling with “moist” models than
with “dry”” models, and it also increases when the horizontal grid
resolution is increased from N=20 to N=40. It is probable that
the scheme for small-scale convection is partly responsible for it
(Syono and Yamasaki, 1966).

As seen in figure 49, the first great error in the present forecast
occurred with the lack of development of cyclone A on the 2d and
3d days along the middle Pacific polar frontal zone. Associated
with this, the merging of A’ into 4 on the 6th day was not well
computed. The reason for the failure is not clear. One may suspect
that an error in the sea surface temperature pattern was responsible,
but we have recently made a recomputation of the same case in
which a more realistic sea surface temperature was used, and the
development of A was not appreciably different. It is our present
opinion that this error may be due to inadequacies in the initial
data, though tangible evidence is lacking.

It is worthy of note that cyclone A, which had almost faded out,
redeveloped on the 7th day when it came close to the west coast of
the United States. This is a good example of how continentality
might act to enhance the determinism of the atmosphere. This will
be shown and discussed further in connection with the trough ridge
diagram.

THE 500-MB GEOPOTENTIAL FIELD

The 500-mb geopotential forecast is in general better
than the lower level forecast in any verification measure.
Figure 19 shows, as an example, the 500-mb forecast for
the 11th day. The rest of the results for 500 mb are given
in figure 50 of Appendix II.
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We see that identification of the individual troughs and
ridges can easily be made between the predicted and the
observed patterns. One difference between the forecast
and observed patterns is that the predicted pattern is
smoother in the middle scale. For instance, on some days
there was an observed cutoff cyclone which did not appear
in the forecast.

THE 50-MB GEOPOTENTIAL FIELD

The details of the forecast of the lower stratospheric
geopotential height will be discussed in a separate paper.
One important feature is the progressive decrease in tem-
perature of the middle latitudes at about the 50-mb level.
It causes the region of polar-night westerlies to be ex-
tended southward and to be connected with the tropo-
spheric westerlies (see Appendix II).

COMPARISON OF THE GEOPOTENTIAL HEIGHT PATTERNS
OF EXPERIMENTS 1, 2, AND 3

Next, let us compare the geopotential fields of the three
experiments. There are important differences between
Experiments 1 and 2, which can be attributed to the
inclusion of land-sea contrast in Experiment 2. It is now
well known that, due to the supply of the heat from the
ocean, cyclone development (fig. 20) is intensified off the
east coast of continents especially in winter. There has
been a great deal of study of the effects of heat from the
ocean. It is not appropriate to enumerate these papers
here, but from the standpoint of numerical prediction
models, some of the papers that discuss this point are:
Bushby and Hinds (1955), Reed (1958), Spar (1960),
Petterssen, Bradbury, and Pedersen (1962), and Japan
Meteorological Agency (1965).

In our case also, the 1000-mb height patterns of Experi-
ments 1 and 2 reveal a sizable difference at the 4th day.
A cyclone over the Atlantic Ocean is predicted more
accurately in Experiment 2 than in Experiment 1.

The difference between Experiment 2 and Experiment
3 can be illustrated by comparing figure 21 which gives
the 1000-mb geopotential height for the 11th day. As was
demonstrated earlier, the difference between the two
experiments in the supply of heat from condensation is
quite large, and, as a consequence, the amplitude of
cyclones and anticyclones is larger in Experiment 3 than
in Experiment 2, and the amplitude in Experiment 3 is
slightly closer to that of the observed.

It is very interesting that the birth of cyclone B’"" on
the 8th day, which was not computed at all in Experiment
2, was successfully simulated in Experiment 3, but this
cyclone was not very deep and the date of genesis was 2
days late, compared with reality.

It should be mentioned that these differences are not
as large as one might suppose. One of the lessons we
learned is that the midtroposphere does not seem to be
particularly sensitive over periods of the order of a week
to the usual external effects, such as the sea-ice effect,
a 209, reduction in condensation criterion, or the sea-
surface temperature anomaly, at least as far as this
model is concerned.
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This is a very important point in estimating the pre-
dictability of the atmosphere. Probably, a substantial
difference between Experiment 2 and Experiment 3 will
appear after the 2-week period.

THE TROUGH AND RIDGE DIAGRAM

To get a comprehensive view of the movement and the
variation of intensity of the atmospheric waves, it is
useful to look at a trough and ridge diagram (Hovmaoller,
1949), which is a longitude-time chart of geopotential
height taken along a certain latitude circle.

Figures 22 and 23 are the diagrams for the 500-mb and
1000-mb geopotential heights, respectively, for the zone
between 35° and 45°N at intervals of 24 hr for the observed
and the prediction in Experiment 3 over the 2-week
period. Each value is obtained by averaging over 5° of
long. and 10° of lat.

It has been noted by Hovméller (1949) and Graham
(1955) that the patterns in this type of diagram consist
generally of two modes. One is the basic flow, which is
characterized by the longitudinally quasi-stationary waves
and is represented by the first three harmonics of a
Fourier expansion series. The other is the superposed
perturbation, which is characterized by the eastward-
moving waves that progress at a speed of about 9° long.
per day or less. Notice that the moving waves penetrate
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into the stationary ridges, and always redevelop on the
other side.

The wave motion in the smaller scale is complex.
Almost two decades ago Charney and Eliassen (1949)
made the first attempt at dynamical treatment of dis-
persive waves and demonstrated the prediction of 500-mb
geopotential values 24 hr ahead. The behavior of these
complex waves was computed with remarkable success.

Now let us turn to the results in the present study,
i.e., see figures 22 and 23 (also figs. 87 and 88 in Appendix
II1 for the 1966 case).

In the following, we discuss the results for 500 mb:

1) The agreement between the prediction and the
observed is very good. The behavior of the longwaves
(for instance, the ridge over the middle Pacific Ocean at
153°W on the initial day which moved slightly toward the
west after the 7th day) was accurately predicted. The
wave trains of medium scale (for instance, the waves over
the Atlantic Ocean between 0° and 60°W around the 11th
day) were also well simulated.

2) The ‘“‘excessive westward propagation of the long-
waves” discussed by Wolff (1958) and Cressman (1958)
is not found in this prediction.

3) The speed of the moving troughs (for instance, 147°E
on the initial day) in the computation is rather good. Even
after 14 days, the error in location of the predicted trough
was 10° to 15° long. Why is the wave speed predicted well

Ficure 19.—The 500-mb geopotential height patterns for the 11th day. (A) the observed, and (B) the forecast in Experiment 3. The
contour interval is 60 m. The belts of the geopotential height between 5220 and 5280 m and between 5460 and 5520 m are stippled
to bring out the patterns. The trough lines are shown by dashed lines.



Vol. 97, No. 1

MONTHLY WEATHER REVIEW

14

1000 mB

(B) Experiment 1, (C) Experiment 2, and (D)

’

Ficure 20.—The 1000-mb geopotential height for the 4th day. (A) the observed

Experiment 3.



January 1969

FiGure 21.—The predicted 1000-mb geopotential height pattern for the 11th day for Experiment 2 (A) and Experiment 3 (B).

despite the fact that the zonal wind of the computation
was appreciably stronger than it should be? One possibility
is that, since the space truncation error causes a reduction
in phase speed, its effect in this case was offset by the
excessive advection. Another possibility is that the zonal
wind at the steering level, probably level 5, did not deviate
very much from the observed wind after all (see fig. 21).
However, the 10° difference may cause the phase of
synoptic-scale disturbances to be completely opposite,
which is serious from a practical viewpoint.

4) Tt is interesting to note that, even if some trough
(for instance, 63°E on the 4th day) or ridge (for instance,
128°W on the 6th day) in the computation did not agree
with the observation at an early stage of the prediction,
sometimes agreement is improved at a later time. This
may be partly because we are looking at only the geo-
potential height at a certain latitude on a certain level.
The disturbance might have just deviated from this
latitude or level temporarily and returned later. However,
we tend toward the notion that the geographically fixed
heat sources and continentality are instrumental in the
subsequent improvement in the computed state.

5) However, there is an obvious defect in the predicted
pattern that is common to both the 1964 and 1966 cases.
The quasi-stationary modes, or longwaves, are more
dominant, while the eastward-moving components, the
relatively shorter waves, are too small in amplitude.

327-215 0 - 69 -3

7. VERIFICATION

To evaluate the prediction skill, we have computed
standard deviations of error in geopotential heights and
correlation coefficients with respect to the time changes in
height. These measures are the same as those defined in
the report of WMO’s working group on numerical weather
prediction (1965).

The standard deviation of error is the root-mean-square
error of the forecast height with mean error removed.
This quantity is usually compared with persistence, which
refers to a hypothetical forecast of no change of the geo-
potential height from the initial time. The correlation
coefficient is taken between the observed and the computed
time change of the height from the inmtial time.

L.et us denote z,,, as the observed height and z,., as
the forecast height. Definitions of the various quantities
are as follows:

Deviation of z:

X==z -
AN==Zfest™ ~obsy

Mean of deviation:

X=>X/n,

where the summation is made for gridpoints north of
20°N and n is the number of gridpoints.
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ridge diagrams of the 500-mb level for the 1964 case. (A) the observed, and (B) the prediction of Experiment 3.

50 m. The ordinate is time in days, and the abscissa is longitude. The ridge areas with geopotential greater than 5600 m are hatched,

The contours are for the 500-mb geopotential height in a zonal belt between 35° and 45°N. The units are decameters. The interval is
and the trough areas with values lower than 5400 m are stippled.

Ficure 22.—Trough-and-
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