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ABSTRACT

A diagnostic analysis and an appraisal of the precipitation calculation by the GFDL (Geophysical Fluid
Dynamics Laboratory) 1967 version prediction model are presented, using two-week forecasts of 12
January and 12 July cases. The geographical distribution of predicted rainfall, moisture and snow over
the Northern Hemisphere and the contiguous United States was investigated in comparison with
climatological maps published by other authors. The agreement of precipitation and dew-point tempera-
ture is marginal. The major causes for the deficiencies are 1) a specification of excessive soil moisture
over land, 2) probably an improper treatment of moisture diffusion associated with topography, and
3) an inadequate rain generation process in the model. However, the predicted snow distribution over
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the United States was reasonable.

1. Introduction

The GFDL 1967 version .prediction model was
applied to a series of two week forecasts for 12
January and 12 July cases taken from 196470 data
(Miyakoda et al., 1972; 1979—hereafter referred
to as Part I and Part II). The cases were independ-
ent since only two winter and two summer cases
were selected for each year. Since the condensation
of water vapor is one of the most complex proc-
esses, and the associated precipitation is one of the
most difficult elements in weather forecasts, the
model’s performance for the precipitation simula-
tion will be treated separately here in Part III.

As is usually the case in the general circulation
model (GCM), the precipitation in this study was
obtained using a physical approach instead of a
probabilistic approach. The model includes two
types of condensation processes. One is the grid-
resolvable-scale process, in which condensation
occurs at a specified saturation humidity. The other
is the subgrid-scale process, in which the thermo-
dynamics of cumulus clouds is treated as a bulk
effect.

In the first type, the process is straightforward.
Condensation and the concomitant release of latent
heat take place at a grid point in situ, if the humidity
reaches a specified saturation value. For the second
type, the method of ‘‘moist convective adjustment”’
(Manabe et al., 1965) was used, in which the effect
of ensembled cumulus clouds is treated within a
vertical column of the model’s' atmosphere instead
of at a single grid point. Condensation occurs if the
atmosphere is moisture-saturated in any layer of
conditional instability. Consequently, the equivalent

potential temperature is adjusted instantaneously

to a condition of neutral stability, and the moist

static energy is conserved during the adjustment.
In practice, the second type of process is applied
first to moist unstable layers, and thereafter, the
first type is carried out for moist stable layers.

In both types of condensation, the saturation
humidity was assumed to be 80% everywhere
(Miyakoda et al., 1969). A saturation criterion of
100% was not used because it was found that the
ensemble average saturation value for the large scale
should be somewhat less (Smagorinsky, 1960). The
value of 80% was selected empirically. If a 100%
criterion were used, precipitation amounts would
be considerably underforecast in the early stages of
the forecast, although the model’s atmosphere
would eventually adjust to the imposed condition
whatever the criterion is. The algorithms for cal-
culating snowfall will be described later.

The predicted rainfall, snowfall and moisture were
averaged over 12 cases. First displayed is the zonal
average, then the hemispheric distribution and lastly
the distribution over the United States. The com-
parison of the simulated rainfall with climatology
over the United States is particularly useful, since
reliable observations were available over this region.

2. Latitudinal distribution of precipitation and
humidity

Fig. 1 is the zonal mean precipitation rate for the
January and July ensembles. The observations were
taken from the climatology of Jaeger (1976) for
January and July and also from Schutz and Gates
(1971) for December-January-February and June-
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July-August. The latter was based on the original
data of Lvovitch and Ovtchinnikov (1964).

The distribution has two maxima, one near the
equator and one in the middle latitudes. The agree-
ment between the latitudinal positions of the pre-
diction and climatology is not bad, the largest
difference occurring in January in the tropics and
subtropics. The excess rainfall produced in the
model’s tropics in January can be attributed to the
equatorial boundary imposed in the hemispheric
model which blocks the southward flow at the equa-
tor. The excess becomes progressively smaller
toward higher latitudes.

Overall, the predicted rate of precipitation is
higher than the climatology almost without excep-
tion at all latitudes. In particular, the excess is large
in the extratropics in the summer. Let us assume
that these excesses represent an actual model bias.
Some possible causes of this overprediction in the
present model are (i) the specified value for the avail-
ability of soil moisture over land was too large (a
uniform value of 0.5 was assumed), and (ii) the 80%
saturation criterion may be too low. Besides it is
likely that the tropical sea surface temperature
specified in the model was somewhat high (U.S.
Navy Hydrographic Office, 1944). The evaporation
in the model, in fact, is larger in the tropics than
observations taken from Budyko (1963).

The water vapor supplied from the earth’s surface
is normally transported across the equator from the
winter to the summer hemisphere (see Oort and Ras-
musson, 1971). If the model were global, therefore,
the precipitation in July should increase further,
causing even a larger discrepancy.

Fig. 2 shows the zonal mean relative humidity dis-
tribution produced by the prediction ensembles.
Several features are common to both months. The
tropics and subtropics are characterized by a shal-
low layer of very humid air (~75%) near the sur-
face, a dry layer (~20%) centered ~5 km, another
humidity maximum (~40%) centered ~13 km, and
relatively slowly decreasing values above 13 km.
The upper level maximum is in close agreement with
the findings of Murgatroyd (1960). In higher lati-
tudes, humidities decrease slowly up to around 8
km, above which they decrease more rapidly.

In the tropics, seasonal changes are reflected in
a latitudinal shift of both the 5 km minimum and the
13 km maximum. At higher latitudes, humidities at
middle levels (~S km) increase in January, while
those at lower levels decrease. Also present at high
latitudes in January is a moisture maximum at around
2 km that is not present in July. Miyakoda and
Sirutis (1977), using an 18-level model, found three
separate maxima at 1.4, 3.8 and 7.5 km in middle
and high latitudes. The difference in this case is
likely due to the lower vertical resolution used.

It is very difficult to obtain an accurate humidity
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FiG. 1. Latitudinal distributions of the predicted rate of pre-
cipitation (PRED) for January and July. Also, plotted are the
climatological data by Jaeger (1976) and by Schutz and Gates
(1971).

analysis. The zonally averaged cross section of
humidity for July derived from the National Meteor-
ological Center (NMC) analysis (not shown here)
indicates scant resemblance to our prediction except
below 5 km north of 50°N, where humidity of about
60-70% 1is found in a good agreement with the
prediction based on the 80% saturation criterion.
It is interesting to note that with a 100% saturation
criterion, the predicted humidities increased to 70—
100% in this region (Miyakoda and Sirutis, 1977),
suggesting that the 80% criterion is preferable.
However, the optimum value of the criterion may be
a function of altitude and latitude. We believe that a
saturation criterion near 100% is appropriate for the
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~ FiG. 2. Latitude-height distributions of predicted humidity for January and July.
The ordinate is the geometric height, and the vertical nine levels in the GCM’s
are marked. The units of the contours are per cent. The maxima and minima

are plotted.

planetary boundary layer, decreasing upward. For
points at the same level, it would be proper to have
a poleward decreasing criterion. As Manabe (per-
sonal communication) has pointed out, it is desirable

to have a 100% criterion near the earth’s surface
in order to avoid any discontinuity between the
criteria for evaporation and condensation. The
European Centre for Medium Range Weather Fore-
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casts (Hollingsworth ef al., 1980) uses a height-
dependent criterion for condensation, which varies
between 100% and 80%.

3. Geographic distribution of precipitation

The precipitation, including both liquid and frozen
water, obtained in the prediction was averaged over
days 2-14 for each of the 24 cases, with the highly
transient first two days excluded.

a. Hemispheric domain

The precipitation distributions derived from the
prediction for the January and July ensembles are
compared with climatology (Lvovitch and Ovtchin-
nikov, 1964) for the hemispheric domain in Fig. 3.
No smoothing has been applied to the prediction
maps. Because of the equatorial boundary, the pre-
cipitation near the equator, 15°N, say, may not be
valid, although interestingly the tropical conver-
gence zones in the model are not entirely wrong.

The correspondence between the model and cli-
matology is good in terms of the magnitude for
maxima and minima, but the agreement between
the geographic distribution is noticeable only on
the planetary scale. The similitude is somewhat
better in January than in July. However, the overall
accuracy of prediction is far below the standard of
practical requirements.

The outstanding disagreement in January may be
the following areas:

1) Over the Sahara desert and Siberia, the pre-
diction produces too much precipitation. This is re-
lated to the model’s assumption of the availability
for soil moisture over land.

2) Over the Atlantic Ocean along the east coast of
the United States, a precipitation rate in excess of
250 mm month~! was produced in the prediction, but
no such maximum can be found in the USSR clima-
tological atlas.

3) The abundant rainfall over the western Pacific
east of the Phillipines is missing in the model.

Discrepancies during July include:

1) The arid zones over the Sahara, Middle East,
Gobi and Turkestan deserts were poorly simulated.
The failure appears to be mostly due to the excessive
soil moisture.

2) Precipitation amounts in excess of 250 mm
month™! were erroneously produced over central
China. More will be said about this problem later.

3) Heavy rain over eastern India and southeast
Asia was not well simulated. The rain corresponds
to the monsoon rain at this time of the year (see
Staff Members of the Institute of Geophysics and
Meteorology, Academia Sinica, 1957; Murakami,
1959; Asakura, 1971).
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Thus, the effect of soil moisture on the summer
rainfall seems to be particularly large. As was dis-
cussed in Part 11, this deficiency, in turn, had sig-
nificant impact on the predicted temperature and
flow fields, even on the planetary scale. In this
respect, the summer climatic simulation of pre-
cipitation with the- GFDL GCM of Manabe and
Holloway (1975) is better; the model included a
hydrological process that handled the soil moisture
in a better way. The July simulation of rainfall made
by Stone et al. (1977), using the GISS GCM (God-
dard Institute of Space Studies, Somerville ef al.,
1974), is also better over the Gobi desert (but an
erroneous rainfall occurred over the Sahara desert).
The conclusions reached in these papers, however,
were based on precipitation averaged over a single
month, so that they may not be strictly comparable
to the present study. At any rate, it is our impression
that, although the simulation of the tropical rain was
surprisingly well simulated in the GCM’s (see for
example, Manabe and Holloway, 1975), the simula-
tion in the extratropics deviates greatly from the
climatology.

b. The U.S. region

In order to take a more detailed look at the rain
distribution, the predicted precipitation map for the
contiguous United States was extracted and com-
pared with the climatology produced by US En-
vironmental Data Service (1968) (Fig. 4). The figure
reveals that the predictions are considerably differ-
ent from the climatology.

In January, areas with abundant rainfall are located
in the Mississippi and Ohio Valleys. In the predic-
tion, however, the intense precipitation over the
Mississippi Valley is confined to the Gulif tier. Also
in error is the heavy precipitation produced by the
simulation over the Florida Peninsula, which is
contrary to the observed minimum there. It is noted,
however, that the intensity of rain over southern
Mississippi agrees well with climatology.

In July, the prediction is very poor. The model
produced a large amount of rain over the entire
United States, while the climatology shows that
heavy rain is confined to its eastern half.

A related question arises concerning the deficiency
of January rainfall over the Mississippi and Ohio
Valleys. One might logically ask whether this is due
to an inaccurately predicted flow in the course of
two week prediction. In order to examine this point,
the predicted rainfall only for the first 5 days, instead
of the last 10 days, was accumulated for the 12 cases.
The result was very similar to that in Fig. 4, indicat-
ing that the predictability decay of flow is not the
cause of the poor January precipitation simulation.
In the model, rain probably fell too soon over the
Gulf of Mexico and at the mouth of the Mississippi,
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FiG. 3. The rate of precipitation from the prediction (PRD) and from the climatological atlas (OBS) by Lvovitch and Ovtchinnikov
(1964). The contours are 500, 250, 100, 50 and 10 mm month™! as shown in the legend.

and consequently water vapor was not carried further
inland. Interestingly, a similar bias was also found by
Stone et al. (1977) and by Manabe and Holloway
(1975). The causes for these forecast failures may be
related to the mechanism of rain generation in the
model or the model’s inability of producing a deep
cutoff low east of the Rockies, resulting primarily
from the model’s poor spatial resolution.
Returning to the simulation/climatology compari-

son in Fig. 4, we note that another major short-
coming in the simulation occurs in the western part
of the United States in January. The rain areas were
not confined to the west coast but extended exces-
sively inland and too much precipitation was pre-
dicted. The inland extension was due to the model’s
mountains being too smooth and flat (Smagorinsky
et al., 1967). )

In July, there are two major erroneous areas,
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F1G. 5. Wind vectors and the mixing ratio of water vapor in units
' of g kg™ at the 950 mb level for July.

one in Montana and Wyoming, and the other in New
Mexico and Colorado. These areas are associated
with two different wind streams. Fig. 5 shows the
stream pattern and the moisture field at 950 mb in
July obtained from the climatological data of Oort
and Rasmusson (1971). The flow over Montana is
from the northwest and is dry. The flow over New
Mexico and Colorado is from the south and is moist.
This reasoning was true for the case of July 1962,
treated by Rasmusson (1967). A large maximum
of northward flux of water vapor was located over
New Mexico, and a small maximum of southward
flux was over Wyoming (see Benton and Estoque,
1954). Therefore, the failure of the simulation over
New Mexico may be due to a quantitative error in
moisture prediction as well as the inadequacy of
the cumulus convection parameterization. As will be
shown later, the predicted moisture over the moun-
tains was quite wrong. We note that the two global
models mentioned earlier did not produce reason-
able precipitation distributions in July either.

An evaluation of the skill of short-range pre-
cipitation forecasts (Miyakoda, 1975) showed a
greater degree of skill in the winter than in the
summer and that there is almost no skill in the sum-
mer predictions except in small areas in the north-
east. The deterioration in skill spreads northward
in June over the western United States, and the
mountainous areas are generally worse than other
areas in summer. New England, the Ohio Valley,
Washington State and the Eastern Seaboard are
regions of consistently better skill scores, whereas
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the Florida Peninsula and the coastal areas of Texas
are consistently areas of little or no skill.

4. Geographic distribution of dew-point temperature

Fig. 6 depicts the January and July distributions
of dew-point temperature T, at the 850 mb level for
both the GCM and climatology (Crutcher and
Meserve, 1970).

The simulations apparently bear little resemblance
to the climatological fields, even on the planetary
scale. Some of the major deficiencies are as follows:

1) The simulated patterns of moisture over the
arid regions (Turkestan, the Sahara and Gobi deserts)
are particularly poor, especially in July, with values
of T; which are almost uniformly too high;

2) T, values in the simulation tend to be larger
over mountains. This is probably related to the way
of handling the diffusion process of water vapor in
the vicinity of mountains on the sigma-coordinate
(Phillips, 1957) as well as the treatment of roughness
over mountainous regions (Sawyer, 1959; Cress-
man, 1960; Garratt, 1977). The lateral diffusion is
calculated on the sigma-coordinate without regard
for slope, and as a result, water vapor is easily car-
ried over the top of the mountains. And, since
roughness was not increased over the mountains
in this particular model, there was nothing in par-
ticular to impede the upslope advection of moisture.

3) In the map at the 850 mb level, excessively
low values of 7, are produced by the simulation over
the dry zones west of continents in the middle lati-
tudes, for example, west of California and over the
Atlantic Ocean. The reason for this is not known.

5. Attempt at improvement

Results from the preceding sections indicate that
improvements could be made in any or all of the
following areas: soil moisture, cumulus parameteri-
zation, criterion for moisture saturation, the model’s
space resolution, lateral diffusion associated with
topography, and turbulent transfer in the planetary
boundary layer including the mountain roughness
length. In this section, we will select only the ef-
fect of soil moisture and discuss its impact on
evaporation and rainfall.

An interaction atmosphere-ground hydrologic
cycle was incorporated first into a GCM by Manabe
(1969) and later into the short- to medium-range
forecast models. However, the model used in this
study was frozen in 1967, and so contained only the
simpler treatment of soil moisture. The importance
of soil moisture, however, was recognized very soon
after this study was begun. An investigation was
then started to examine the effect of soil moisture
specification. Furthermore, for medium-range fore-
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F1G. 6. Dew-point temperatures T4 (°C) in the prediction (PRED) and the observation (OBS) by Crutcher and Meserve (1970). Values are
for January and July at the 850 mb level. Regions with T; = 8°C are shaded.

casts such as the ones presented here, the examina- 19 July 1969 at 1200 GMT in each case. The 1967
tion was more properly restricted to the effect of version model was used as the control in which the
adequate spatial distribution of soil moisture rather availability of soil moisture was set to 0.5 every-
than the incorporation of temporal variation of soil where over land. The test runs used the exact same
moisture. model except that the soil moisture was specified
A test of the soil moisture effect was performed, as a spatially variable quantity. The assumed dis-
and the results were partially described in Part II. tribution of soil moisture was shown in Part 1I.
Two models were applied to 2-week forecasts for - Fig. 7 shows the result of the test, i.e., the rate of
three July cases, i.e. 3 July 1966, 16 July 1968 and precipitation and the rate of evaporation, averaged
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PRECIPITATION

Test Soil Moisture

FiG. 7. Comparison of the rates of precipitation (upper) and evaporation (lower) between the control and the test soil moisture
experiment. The contour values are 500, 250, 100, 50 and 10 mm month™ for precipitation and every 50 mm month™! for evaporation.

over the last 12 days of each of the two-week fore-
casts and then taken as an ensemble mean over the
three cases. It is immediately obvious that the pat-
tern of evaporation was greatly affected by the alter-
nate specification of soil moisture. A particularly
large contrast is seen over the Sahara, Arabian and
Gobi deserts. In the control experiment, there was
a small region of significant evaporation over the
Sahara desert, whereas in the test soil moisture
experiment the entire Sahara is an area of minimum
evaporation. Thus the evaporation over land has

been appreciably reduced in the test case. On the
other hand, the evaporation over the sea in the test
case has been noticeably increased, as if the deficit
of land evaporation was compensated for by oceanic
evaporation. It is interesting to note that the rate of
evaporation over the Arabian Sea and over the
Caspian, Red, and Black seas has been greatly en-
hanced in the test soil moisture experiment.

Fig. 7 also indicates that the impact on rainfall
is indirect and is less obvious than that on evapora-
tion. Yet there is a noticeable effect. If the two
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maps for the control and the test soil moisture ex-
periments are compared with the July climatology in
Fig. 3, it is clear that the test soil moisture case is
much closer to the July climatology. The rain over
North Africa and central Asia has been considerably
reduced in the new case. (see also Mintz, 1981).

However, the reduction in rainfall over the Sahara
and Gobi deserts is not as great as expected. Clima-
tologically, the dry region over North Africa is a
large and clear-cut area, whereas in the model, the
region of <10 mm month™! is smaller and more ir-
regular in shape. Another glaring error occurs over
central China (30-40°N, 90-120°E). In the control
case, there was heavy rain in this region (>250 mm
month™!), which is entirely different from the
climatology. This feature persists even in the case of
test soil moisture despite the extremely low avail-
ability of soil moisture in this region. Some specula-
tions as to the reason for the deficiency were men-
tioned earlier. In the observational study of Peixoto
and Crisi (1965), the water vapor flux over China for
summer is restricted to the coastal region, and there
is not much convergence of moisture over the inland
of China. That is to say, moisture over the moun-
tainous areas in our prediction is too abundant, and
this situation may be due to the improper treatment
of lateral diffusion and advection of water vapor.
A similar problem is seen over the Rockies. The
decrease in rainfall over North America in the test
case is encouraging. When compared with Fig. 4,
we can see that the erroneous rainfall over Montana
and Wyoming has been partially eliminated. On the
other hand, the enormous rainfall over New Mexico
and Colorado has not been rectified, implying that
other causes are responsible such as incorrect
moisture diffusion. Mintz (1981) discussed the im-
portance of the effect of soil moisture not only on
the medium-range forecast but also on the climate
variability problem, and summarized the current
knowledge on the soil moisture.

6. Snow
a. The method of snow calculation

Extensive studies of snow forecasting have been
made outside of the field of numerical weather pre-
diction (e.g., Austin and Bemis, 1950; Penn, 1957;
Wagner, 1957). According to these studies, five fac-
tors are basically important for snow formation and
its fall to the ground: freezing level, melting of
snow during its descent, evaporation during its fall
through unsaturated air between clouds and the
ground, the éffect of altitude on the ground surface
and continentality. Penn (1957) (see Winston, editor),
for example, set his conditions for snow versus rain
as follows: 1) a 1000-700 mb thickness of less than
2.8 km (9300 ft); 2) a temperature at 850 mb of less
than —2°C; 3) the surface temperature is less .than
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4°C (39°F); and 4) the height of the freezing level
of <360 m (1200 ft).

The criterion in the present study was determined
based on the Penn algorithm, though considerably
simplified. Snow (or sleet) is assumed to occur under
the condition that within the lowest 2 km, a layer
lower than 0°C exists, and that any layer higher than
0°C must not exceed 360 m in thickness. All of the
precipitation at a grid point was considered to be
snow, if the condition above was met.

b. Distribution of snow

Fig. 8 shows the hemispheric distribution of snow-
fall from the model’s 12 January cases, as well as the
snowline determined by Richter (1960) and by Mat-
son et al. (1980), and the permafrost line as deter-
mined by Péwé (1969). Richter’s snowline is de-
fined as the boundary of an area that is covered by
snow for at least two continuous months. The snow-
line of Matson et al. was derived from ten years of
satellite data. Although snowfall and snowcover are
different parameters, this snowline approximately
coincides with the limit of snowfall according to
a model study (Manabe and Holloway, 1975).

The agreement between the model snowfall pat-
terns and the region bounded by Richter’s or Mat-
son et al.’s snowline is generally good except over
Western Europe. Over Siberia, northern Greenland
and a part of Canada, the model did not have a snow-
fall rate larger than 10 mm month™! of liquid water.
It is interesting to note that non-snow regions cor-
respond roughly to the areas of permafrost.

The predicted rate of increase in snow depth over
the United States in January is shown in Fig. 9,
and is compared to the observed climatology of snow
mass taken from an analysis made by the U.S.
Environmental Data Service (1968). In order to esti-
mate the snow depth in the model, the precipitation
amount was multiplied by 10.

Comparison of the prediction with the observa-
tions leads to the following conclusions: 1) The geo-
graphic correspondence as well as the quantitative
agreement are surprisingly good; 2) the effect of the
Great Lakes on snowfall obviously could not be
reproduced in our model, but it would appear in view
of the model result, that the heavy snowfall ob-
served near the Great Lakes is not entirely a lake
effect; and 3) snowfall in the mountain areas was
poorly simulated.

7. Conclusions

1) The hemispheric distributions of predicted
precipitation for January and July had little simi-
larity to climatological distributions, particularly
for July.

2) The hemispheric distributions of predicted
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SNOW CM (MONTH)™

CLIMAT

FRED

FiG. 9. The climatological rate of snowfall (above) and that given by the
prediction (below) in units of cm month~!.

dew-point temperature were also not in good agree-
ment with climatology. .

3) Improper soil moisture specification in the pre-
diction is likely to be one of the major causes for
the deficiency in the simulation of precipitation,
particularly for the deserts of Africa and Asia.

4) Moisture over mountainous areas in the predic-
tion was too high. This is probably due to an inade-
quate treatment of diffusion over and near mountains.
Another possibility is that the surface roughness
or the drag over mountains is too small to effec-
tively reduce the low-level advection in the model.

5) The predicted rain distribution over the con-
tiguous United States showed some resemblance to
climatology in January but little resemblance in July.

6) The rain pattern over the United States for
January shows two major deficiencies. One occurs
over the Mississippi and Ohio Valleys, where an

area of large amount of rainfall was not well repro-
duced. In the model, the heavy precipitation was
confined to an area along the Gulf coast, and mois-
ture was not carried deeply inland. The second
major error occurs over the east coast of the United
States crossing a part of the Florida Peninsula,
where the model erroneously produced a band of
heavy rain.

7) In the rain pattern over the United States for
July, the predicted precipitation was widespread,
whereas the climatology map shows that rain is
mostly confined to the eastern half of the United
States. The precipitation in the model was exces-
sively large over Montana, Wyoming, New Mexico,
Texas and Colorado. The erroneously high amounts
over Montana and Wyoming may be due to the ex-
cessive soil moisture, specified in the model. The
erroneous rain over New Mexico, Texas and



842

Colorado may be due to the spurious moisture over
the higher elevations, probably due to the same rea-
sons mentioned in 4).

8) The predicted distribution of snow over the
United States is reasonable.
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