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ABSTRACT 

A global three-layer, primitive-equation forecast model in spherical and sigma coordinates on a 3.75 0 

grid has been employed in calculating extended period forecasts. The model includes a hydrological 
cycle. It has three layers of equal sigma increment in the vertical with a top at 150 mb. Initial data are 
obtained from global Hough analyses. A description of the model is presented with the equations 
appearing in the appendix. Examples of extended period forecast maps for several different skill levels 
are shown and discussed. Statistical verifi~ations and graphs showing reduction of error and correlation 
skills to 10 days are presented. 

1. Introduction 

Development of global forecasting capabilities at the 
National Meteorological Center (NMC) began in the middle 
1960's (Vanderman 1967, 1970, Dey 1969, Shuman 1970). 
After due consideration of the known and existing global 
forecast calculation schemes, the spherical coordinate grid 
was selected for development of a calculation scheme for 
global forecast experiments. A three-layer (Hayer, 3-L) 
model, a version of the NMC 6-layer primitive-equation 
model (Shuman, Hovermale 1968), was chosen for these 
experiments. Such a model could be expected to simulate 
the troposphere, would be economical with respect to 
computer time required, and therefore valuable in testing 
calculation schemes as a pilot to the larger and more elite 8-
and 9-layer global models (Stackpole, Vanderman, Shuman, 
1974) also under development at NMC. Because of the 
economy of the 3-layer model, the possibilities of employ
ing it to calculate extended period forecasts were always 
considered, especially so during the more promising latter 
stages of its development. 

In February 1976, the calculation of extended period 
forecasts to 5-% days, once per week, began. The early 
forecasts were so interesting that the period was extended 
to 10% days and somewhat later to 16 days. Occasional 
difficulties were encountered in the latter calculations at 14 
to 15 days due to computational noise appearing in the 
forecast fields at high latitudes. To eliminate these difficul
ties, Fourier-derived east-west triangular weights for ten
dencies (Shuman 1976) were substituted for the triangular 
weights in the model. From the same initial analysis data 
employed for an earlier forecast that resulted in noise, a 
test forecast with the new weights was calculated and the 
noise was not evident. The Fourier-derived weights were 
retained in the model and since then several experimental 
forecasts to 31 days have been calculated. These calcula
tions were stable. Explicit space diffusion was not employ
ed or necessary. 

2. The Forecast Model 

A vertical schematic of the model is shown in Fig. 1. There 
are three equal Ao layers in the vertical. The lowest layer is 
treated as a boundary layer. The top of the model 
atmoaphere (level 1) is at the constant pressure of 150 mbs. 

The bottom of the model atmosphere (level 4 ) is the earth's 
surface - smoothed terrain. The vertical coordinate is 
sigma, a. See appendix, Eq. (1) for definition. At the 
numbered levels, interfaces of the layers, are carried p, Z 
(geopotential height) and (} (vertical motion, the individual 
time derivative of sigma). 'The variables u, v, e, and q, 
carried at the middle of the layer, are the west wind 
component, the south wind component, potential tempera
ture (theta) and specific humidity, respectively. 

The horizontal coordinates are spherical. The differential 
equations and their explanations are shown in the appen
dix. The horizontal grid is a 3 .75 degree latitude-longitude 
mesh. The east-west grid mesh spacing is 3.75 degrees of 
latitude at the equator but decreases toward the poles 
where the longitude lines converge to a point. Therefore, 
the Courant-Friedrichs-Levy stability requirement for the 
time integration of the equations requires either an ex
tremely small time step or an east-west smoothing of the 
calculated variable tendencies. The latter has been accom
plished through the definition of two sets of intermediate 
and one set of final tendencies of all fields. A first set 
(original tendencies) are calculated at the center of the 
areas defined by the four grid points at the corners of the 
area. Triangular east-west weights (Shuman 1976) are 
applied to the first set to produce a second set of 
tendencies at the latitude of the first set and at each of the 
longitudes of data. The triangular weights decreased out
ward, both eastward and westward, from the point at which 
a second-set tendency is being calculated. Wind tendencies 
are weighted and resolved to an orthogonal frame at the 
data longitude. The triangular weights ensure conformance 
to the Courant-Friedrichs-Levy stability criteria based upon 
a grid length of 3.75 degrees of latitude everywhere. At 
lower latitudes only four (two to the east" and two to the 
west) of the first set of tendencies are involved. At high 
latitudes as many as 30 are involved in the weighting. The 
poles and their immediate vicinity, the triangular shaped 
grid elements surrounding them, receive special treatment 
described in (Vanderman 1972) and will not be repeated 
here. Final tendencies (at grid points) are obtained as a 
simple north-south average of two tendencies from the 
second set. The finite difference equations with explana
tions appear in the appendix. Centered time differences 
with a 15 minute time step are employed. A time smoother 
(Rohert 1966) is necessary and is applied each time step. 
The current time step value receives a weight of .5 and both 
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Fig.1. Schematic diagram of vertical structure of the 
three-layer model. 

the immediate past and the immediate future time step 
values receive weights of .25. The atmospheric physics em
ployed in the model are described in the appendix. 

3. I nitial data and Forecast Output 

The ten standard pressure levels of the NMC operational 
global Hough analyses (Flattery 1971) of winds and 
geopotential heights, 1000 mbs to 100 mho, are employed 
in obtaining an initial state for the model. Values at the 
points of the grid are interpolated horizontally on the ten 
pressure surfaces. Ten values of each parameter are employ
ed in vertically interpolating to the levels of the model. 
Nine mean potential temperatures are calculated for the 
layers between the ten pressure surfaces. The mean poten· 
tial temperature for a layer is assigned at a mid·pressure 
represented by the Exner number, PI, obtained by solving 
the hydrostatic equation in finite difference form. Once the 
nine PI and theta values are known, theta is assumed to 
vary linearly with respect to PI throughout the vertical. By 
extrapolation to the top and to the bottom of the ten 
pressure levels and interpolation between, theta values at 
the original pressure surfaces are calculated to provide 
potential temperature and wind values at the same levels. 
Surface pressure at level 4, the earth's surface, is calculated 
assuming a standard lapse rate of temperature and integrat· 
ing the hydrostatic equation to the first standard pressure 
surface above level 4. The pressures at levels 2 and 3 (sigma 
= 1/3 and 2/3), respectively, are calculated from the 
pressures at levels 4 and 1 (See Appendix, Eq. (1)). From 
the four values of pressure and four values of PI calculated 
from them, PI values for the middle of each of the three 
layers are calculated using the scheme designed by Brown 
and Phillips (Brown, 1974; Phillips, 1974). Given the so 
defined mid-layer PI value of the mode, u , v, and theta are 
interpolated from the ten values on pressure surfaces to the 
model pressures by again assuming linear variation with 
respect to PI in the vertical. Forty percent relative humidity 
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is assumed at all points and levels in calculating the initial 
specific humidity values. 

During the forecast calculation the forecasted fields of u, v, 
theta, q, and Po ' the pressure depth of the model 
atmosphere, are saved at 12 hour intervals. Ordinarily 
values for the six standard pressure levels from 1000 mbs to 
300 mbs are calculated at 24 hour intervals for outllu\. . 'Th.~ 
scheme for output and interpolation in the vertical is 
approximately the reverse of that for the initial data 
calculation. Linear variation with respect to PI in the 
vertical is assumed for u, v, and theta, Z is calculated by 
integrating the hydrostatic equation from the earth's 
surface at which the height and pressure are known to the 
output pressure surface having already determined the 
mean theta values. For the extended period forecast output 
500 mb height, 1000 mb to 500 mb thickness, and sea level 
pressure are calculated for the 24 hour intervals. Sea level 
pressure is obta jned from the 1000 mb surface where height 
and pressure are known by assuming the standard atmos
phere ratio near mean sea level of 13.2 mbs to 112.8 
meters. These three sets of fields are employed to produce 
time-mean maps. For example, six five·day mean maps, 
three 10-day mean maps, two 15-day mean maps and one 
30-day mean map are produced when a 31 day forecast 
calculation has been made. Departures from normal cen
tered on the central date and time for the particular mean 
map are also produced . In addition, cloud maps implied 
from a vertical composite parameterization of relative 
humidity, daily and 5 day accumulated precipitation maps, 
and station precipitation amount tables are produced. 

4. Subjective Evaluation of 6·10 Day Forecasts 

In evaluating the extended forecasts of the 3-L model, we 
did not expect to find significant phasing skill beyond 5 or 
6 days in the day-by-day predictions of sea-level pressure 
patterns, or their associated daily precipitation or tempera
ture anomaly patterns. This attitude was based on our 
operation experience with .6-L PE and barotropic guidance 
in the preparation of daily extended outlooks as well as the 
experience of other groups experimenting with sophisti
cated baroclinic models . At NMC, long-term verification of 
extended forecasts have shown that the skill of daily 
max·min temperature and sea-level pressure forecasts de
clines to the level of climatology around the 6th day after 
issuance and daily precipitation reaches this level about the 
5th day. However, it is still possible that the predicted 
mean flow beyond 5 days may have enough skill to permit 
interpretation of the mean temperature and precipitation 
patterns at the 6-10 day range with a useful degree of skill. 
The skill of the mean flow does not depend on the phasing 
accuracy of daily disturbances which are largely filtered out 
by the averaging process . 

A great deal of work has been done in extended forecasting 
in the National Weather Service in past years (O'Connor, 
1969) relating average temperature anomalies and quantita
tive precipitation categories to anomalies of the mean 
circulation. This work has been decumented in unpublished 
atlases of probabili ty patterns which are used daily in 
extended forecasting in NMC. It is our purpose to find out 
if the 3-L model has enough skill in predicting the mean 
flow patterns at the 6-10 day range or beyond to prepare 
useful average temperature and precipitation outlooks 
beyond the current range of daily predictability. 

There are many categories of weather sensitive users who 
could benefit from general outlooks and trends beyond the 



FIG. 2A A Five-day mean 500-mb contours (solid)predic/ed [or 6-10 days ahead (April 7-11. 1976) and heights changes (dashed) 
from days 1-5 (April 2-6. 1976). labelled in decameters . 

present operational range of daily extended ouLlooks (days 
3-5). Obviously. there is a need (or information which will 
at least partially bridge the gap betwee n the 3-5 day 
forecasts now routinely issued and the 30-day outlooks 
issued twice a month. We are, therefore, looking primarily 
at the days 6-10 period with two criteria in mind : 

1. The forecasts should be better than climatology. 

2. The trend from the predicted day 1-5 mean to the 
·day 6-] 0 mean should be better than mere persistence 
of the day 1-5 mean. 

In this paper we are looking primarily at the 500 mb mean 
height contours. We will be looking also at mea n 1000-500 
mb thickness anomalies as a more direct. guidance for the 
mean temperature outlook as well as the 5-day s ummations 

of model precipita tion forecasts as guidance for precipita· 
tion outlooks. We will be comparing the skill of these 3·L 
mean weather anomaly forecasts for days 6·10 with 
subjective forecasts made by a meteorologist from the 3·L 
circulation patterns. 

Subjective and statistical evaluation of the 10-day forecasts 
from the 3·L global model were made at approximately 
weekly intervals. These weekly test forecasts will be run 
through the various seasons and will be verified subjectively 
as well as objectively. Of the weekly 3·L forecasts made 
during th e spring and summer since the series began on 
April 1,1976, we will discuss only three forecasts in brief 
detail. 

The first forecast made on April I, 1976, was one of the 
best cases, while the second forecast made on April 9 was 
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FIG.2B Five-day mean 500-mb contours (solid) observed for April 7-11, 1976 and height changes (dashed) from April 2-6, 
1976, labelled in decameters. 

one of the poorest cases, The third case shown, made on 
June 29, 1976, is an example of an average forecast. This 
description is primarily concerned with the predicted mean 
circulation at 500 mb for the 0+8 period (days 6 ·10 after 
the OOZ initial data time) and the 5-day height changes 
between the J)l- 3 mean heights (days 1-5 after forecast day) 
and the D+8 heights. The height changes provide a basis for 
judging the model's performance in comparison with 
persistence of the D+3 mean heights. 

In figures 2, 3, and 4 , the contours (solid) and the height 
changes (dashed) are labelled in decameters. Part A of each 
figure shows the D+S patterns predicted by the 3-L model, 
and part B shows the observed patterns. Figure 2A shows 
the forecast J)l-S contouni (solid) and 5-day height changes 
(dashed) made on April 1, 1976, and figure 2B shows the 
verifying pattern for April7~11.1976. A ridge forecast over 
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central North America with troughs off both coasts verified 
near those locations although the forecast amplitudes were 
not nearly large enough. The weather outlook implied by 
the predicted pattern would have called for cool, dry. 
weather in the eastern U.S. and warm weather in the west 
with above normal precipitation along the Pacific coast, 
which was basically what occurred. 

The height changes from the 0+3 to 0+8 periods also 
showed considerable skill, indicating that the D+8 pattern 
predicted by the model would have been superior to 
persistence of the D+3 forecast pattern. Strong height falls 
predicted near Newfoundland and over northern Siberia 
verified well. Forecast height change centers throughout the 
Pacific were well placed, although not deep enough. A 
major failure of the 0+8 trend tendencies was a lack of 
strong height rises associated with the ridge in western 



FIG. 3A Five·day mean 500·mb conto urs (solid ) ,Jfedicted for 6·10 days ahea d (April 1 5' 19 , 1976) and h eight changes (dashed) 
from days 1·5 (April 10·14 , 19 76 ), labe lled in decameters . 

Canada. All in all, however, the April 1 forecast was quite 
successful, especially for a projection o f 6 to 1 0 days a head , 

The forecast made on April 9, 1976, shown in figure 3A, 
was a relatively poor one for the D+8 period, especially 
over the United States. The verifying D+8 pattern for April 
15, 1976 (figure 3B) consisted of a deep trough over the 
southwest U.S. and a strong ridge over the eastern U.S., 
which accompanied an historic springtime heat wave in t he 
Midwest and East when five consecutive days of 90 d egree 
temperatures occurred at many cities. The dry weather 
implied by the predicted contours in the easten l U.S. would 
have verified well, but the erroneous prognos tic mean flow 
in the eastern half of the country would have implied below 
normal temperatures, which would have been a complete 
bust in view of the record breaking h ea t wave which 
occurred. In the West the deep trough that actually 

o ccurred brought much cooler weather than would have 
b een antic ipa ted from the weaker prognostic trough . 

Despi te t hese flaws, the trends forecast from D+3 to D+8 
were excelle nt in many areas . The h eight fall area over the 
Rockies was correctly placed but not deep enough, and 
indeed all t he height change centers across the Pacific to 
Japan we re excellent and far superior to persistence. Even 
in eastern North America, the rising trend of heights was 
correct but the +14 decameter center near the Great Lakes 
was fa r weaker than occurred, and was also too far west. It 
is in teresting that the he ight changes in figure 3A resembled 
t he observed a noma lies (not shown) for the 0+8 period 
m uch more closely than the predicted anomalies (not 
shown ) did. This has o ften been observed in extended 
numerica l predictions of mean circulation patterns. It 
s uggests that the large scale trends predicted are often 

17 



FIG.3B Five-day mean 500-mb contours (solid) observed for April 15-19, 1976 and height changes (dashed) from April 10-14, 
1976, labelled in decameters. 

basically correct even if the magnitudes of the changes are 
not accurate enough to remold the large scale flow pattern 
from its previous (D+3) state. Thus, the weather anomalies 
may be more accurately estimated with the help of the 
predicted mean height changes, expecially when the pre· 
dieted circulation anomalies are not very definitive. 

The third test forecast, shown in figure 4A, was made on 
June 29, 1976, and is an example of an "average" forecast 
for the D+8 period. It correctly called for strong westerlies 
south of the Low in the Bering Sea but missed a deep Low 
off the coast of British Columbia, as shown in the verifying 
D+8 pattern, July 5-9, 1976 (figure 4B). The forecast was 
good in Canada and in the eastern U.S., but a trough 
predicted over California occurred farther west and a ridge 
in the Mississippi Valley was too strong. In the Atlantic a 
deep Low was missed south of Greenland as well as a 
blocking High near Sweden. 
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The temperature outlook implied by the D+8 flow would 
have correctly indicated cool weather in the South and 
warm weather in the North but would have been too cool 
in the Southwest. Heavy precipitation would have been 
correctly predicte d in the East and Southeast but the 
predicted flow would have been interpreted as too dry in 
Texas and too wet in the Great Basin. Height falls in the 
Bering Sea, off the British Columbia coast and over Hudson 
Bay, were not predicted but most other centers were fairly 
well forecasted. 

5. Statistical Verification 

Ai; of this writing, 18 forecasts were available for subjective 
and statistical evaluation. The earlier forecasts in this series 
were run only to 10% days but later on the 3-L model was 



FlG.4A Five·day mean 500-mb contours (solid) predicted for 6-10 days ahead (July 5-9, 1976) and height changes (dashed) 
from days 1-5 (June 30 - July 4, 1976), labelled in decameters. 

run successfully to 16 days, and still later to 31 days. OUf 

discussion will, however, concentrate on the 6·1 0 day time 
range only. 

Verification of the circulation patterns will be given in 
terms of Reduction of Error (R.E. ) skill scores, a statistic 
which has been used for many years in extended perio d 
forecasting. This score is based on Reduction of Error, 
which is obtained by dividing the mean squared error by 
the mean squared observed anomaly I subtracted from one 
and then converted into a skill score. Under this system a 
perfect forecast would score 100. A forecast of zero 
anomaly would score zero. Larger errors produce negative 
values. The R. E. skill is sensitive to the amplitude errors of 
forecast anomalies as well as to phase errors and m ap -wide 
bias. Figure 5 shows the die-away curve of the average skill 
of the daily 500 mb. forecasts out to day 10 produced by 

the 3-L model. Th e skill of the comparable forecasts made 
by the regular operational model in the daily extended 
forecast program also is shown for days 3, 4 and 5. (The 
operational model is the 6-L PE run to day 3 with a 
barotropic extension to day 5. ) Another verfication score 
which has b een used in extended forecasting is pattern 
correlation, a stat istic which is more sensitive to phasing 
than R .E. skill. In both statistics we are measuring skill of 
the residual patte rn after removal of the normal. Figure 6 
shows the correlation scores out to day 10 for the same 
fm'ecasts as in figure 5. Due to the relatively small sample, 
Ii ttle significance should be to model differences through 
day 5, although the 6-L appears to be better tha" the 3-L 
o n day 3. Of greater imparlance is the fact that there is 
significant skill in the 6-10 day range. Plans are now 
underway to extend the operational barotropic calculation 
to 10 days for compariso n with the 3·L results. 
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FIG.4B Five·day mean 500'mb contours (solid) observed for July 5·9 , 1976 and height changes (dashed) from June 30 - July 
4,1976, labelled in decameters. 

As we indicated earlier, the main emphasis in this study is 
on the skill level of the mean forecast patterns after day 5. 
If there is sufficient skill, and there appears to be, these 
patterns would form the basis for preparation of useful 
forecasts of average temperature and precipitation. Our 
verified sample of mean 500 mb. patterns is so small, 
however, that the results are not included. However, a close 
approximation to the skill level of the mean patterns was 
obtained by averaging the dally 500 mb. skill scores for 
days 6·10 for each case. We also averaged these results for 
alll8 cases. The resulting R.E. skill score was 26. This value 
is in good agreement with the well·known statistical 
relationship that the middle day of a 5-day period looks 
most like the mean (Fig. 5). The scores for the 3 selected 
forecast examples described previously were 62 for the 
April 1 case (day 10 missing), 8 for the April 9 case (day 10 
missing) and 23 for the June 29 case. It is also interesting to 
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note that the 9 cases in April-May scored 32, while the 9 
cases in June-July scored 19. Unfortunately, one summer 
forecast, the one made July 18, heavily weighted the 
verification statistics on the downside starting at the shorter 
range. While the day 3 of the 3-L 500 mb. forecast had a 
skill score of -26, the 6-L also had a poor score of -33. The 
latter Was by far the worst day 3 6·L score since start of the 
daily issuance of extended forecast guidance in February 
1970. The day 3 score of 60 (Fig. 5) is close to the 
long-term average for day 3 on an annual basis. Day 4 of 
this forecast was equally bad and some slight recovery 
thereafter was no more than chance. 

As part of this experiment, extended forecasters have 
prepared forecasts of average temperature and precipitation 
for the 6 to 10 day period, when time could be spared from 
their operational forecast duties. The temperature forecast 
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was expressed in 2 classes, above or below normal for 50 
cities in the 48 states, while the precipitation forecast was 
given in 3 classes; heavy, moderate and light (or no 
precipitation) for 100 cities. These subjective forecasts were 
compared with those from the 3-L model. The temperature 
forecast from the model consisted of the l)f-8 1000 to 500 
mb. thickness anomaly pattern converted to a 2 class 
(above or below normal) surface temperature pattern using 
the same sign as the thickness anomaly, while the precipita
tion forecast was the sum of the daily forecast amounts for 
the D+8 period converted to the proper class. The 
temperature forecasts were verified b~ use of the Heidke 
skill score which states that Skill '; ~:E x 100, where R is 
the number of correct forecasts, E the number expected to 
be correct based on chance, and T is the total number of 
forecasts. Results for 11 matched cases showed a score of 
17 for the subjective forecasts, 8 for the 3·L guidance, and 
14 for persistenc~ of the 0+3 objective temperature 
forecast. 

The precipitation verification scores are averages of 100 
stations throughout the 48 contiguous states, and indicate 
the number of stations in the correct category (hits) . Only 
7 cases were available for verification with the 3-L model 
scoring no better than climatology (55) while the subjective 
forecasts scored 62. A perfect forecast would score 100. 
The margin of 7 points can be expressed as a skill score 
advantage over.climatology of about 15 points. 

Little significance should be attached to these temperature 
and precipitation forecast results because of so few cases. 
However, the positive skill shown in both temperature and 
precipitation forecasts is encouraging. This skill was accom
plished with a minimum of time and effort by forecasters 
on regular operational shifts, since forecaster staffing does 
not provide for experimental forecast preparation. More 
meaningful results might be achieved if additional fore
caster time could be devoted to this work. 

6. Future Plans 

Tht:!re is some further development and testing to be done 
on the 3-L forecast model itself. In particular too much 
warming is being forecasted at high latitudes, especially in 
the 15 to 31 day perioda. This dictat .. some chang .. in the 
model, probably in the method of applying long wave back 
radiation. 

Evaluation of the circulation forecasts will be continued 
throughout the winter months ahead to document the 
performance and skill of the model more definitively, to 
study the rather large fluctuations in skill of the 500 mb. 
forecasts Jrom week to week at these greater time ranges, 
and to try to establish whether the decline in 500 mb. 
scores from April-May to June-July is part of an annual 
cycle which will show a recovery during the corning months 
to the relatively high levels of April and May. We plan to 
continue the preparation of experimental mean tempera
tures and precipitation outlooks for days 6-10, based on the 
2-L mean circulation forecasts whenever time and staffing 
limitatjo~s permit, to determine the long term improve
ments which can be achieved by man-modification. 

In the near future we plan also to compare the barotropic
mesh model forecasts extended to 10 days with the 3-L 
forecasts, and to compare both with persistence of the 
operational day 1-5 mean forecasts. . 

Beyond this, the successful implementation of the running 
of the 3-L model to 31 days on 3 separate occasions 
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recently (which have not been verified at this writing) 
suggests that a revolutionary new tool for the guidance of 
30-day outlooks might be near at hand if verification shows 
that these forecasts can be useful for this time period. 
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APPENDIX 

A. Definition of Sigma: 

(1) 

in which p is pressure, and the subscripts refers to the 
numbered levels of figure 1. 

b. Differential Equations 
The differential equations in spherical and coordin

ates and time are: 

au + a~ + ~ + ~ - fv - ~ "tao~ + g~ 
3t 30 ax oy r oX 

+ Cp
e ~ + F - 0 ax x 

oV + ~ + ~ + ~ + f u + ~2 tao.:> + ~ ot ao oX oy r ay 

+ c e.£.!.+F .. 0 
P oy Y 

~ + CpS a. • 0 
acr aa 

ae + a~ + a. 00 + H - 0 at acr ua;+ Ty 

1s. + o!s + l.!9.. + v.!s. + C 
at 30 ax 3y = 0 

and 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

The dependent variables are u, v, a, e, q, z, 1f, and Po .Po is 
the difference in pressure with respect to V, the vertical 
coordinate. For the model atmosphere, Po is the pressure 
difference, P4 - PI, which is predicted by eqn. (7). In 
spherical, horizontal coordinates, we have 

(9) 

and 

where r is the earth 's radius, 4> is latitude in radians, :;\, is 
longitude in radians, t is time, u and v are the west and 
south wind velocity components, respectively, e is potential 
temperature, z is geopotential height , p is pressure, P "" 
1000 mb, K = RIC,'" 0.287, and f is the Coriolis parameter. 
F x and F represents accelerations from friction; H 
represents aiabatic effects i and C is the influence of 
condensation, evaporation, and adiabatic adjustment on the 
water vapor budget. b is identically zero at the top and 
bottom (levels 1 and 4) of the model atmosphere. Taking 
a lao of eqn. (7), we obtain 

(10) 

which is solved in finite-difference form in calculating a at 
levels 2 and 3 of the model. 

C. Finite-difference Equations 
The block integration technique is employed to ensure to 
the maximum that , in the calculation of original tendencies, 
adjacent grid elements receive equal contributions from 
common terms . This approximates conservation of momen
tum and mass. The following equations are used for 
calculating the fimt-set tendencies : 

---c:::-cyo xa -=;:-y y .x 
v + 0NSV"cr + 0 'V'i' + u v + v v 

t EWIJ X Y 

o 

_ _ _ yo --- .. _ :-: 0' --y --, 
- x .-y -x - y 

qt + GNsqa + a~~o + u qx + v qy + C = 0 

---,-:;-yy x ---y --x 

Pot+ (oNS)aPOx + (aEW) o~ + (Pau)x + (Pav) y 

t ant xy 
- Pav r - 0 

(11) 

(12) 

(1 3) 

(15) 

(16) 

The notation () x represents east-west and -( --)"/ 
represents north-south averaging over one grid interval. 
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( )xy represents combined east-west, north-south aver
aging over single grid intervals. Subscripts x and y represent 
east-west and north-south differencing, respectively, over 
one grid interval. (JC' refers to vertical averaging. 
Subscripts EW and NS refer to the east and west and the 
north and south sides, respectively, of a grid element. One 
north .. outh grid length is 3.75 x 111.11 km for this 3.75 
degree gt'id. One east-west grid length is 3.75 x 111.11 x cos 
tjJ km, in which rp is latitude. 

D. Atm06pheric Physics of the Model 

1. Boundary layer friction 

F • Jle. c Iv lu x 6p n 
(17) 

F • ~ c Ivl v 
y 6p D 

in which.1p and p are pressure depth and mean density, 
respectively, of the bottom layer of the model I~ I is the 
magnitude of the total wind and CD is the drag coefficient. 

2. Sea surface heating 

(18) 

LlT = Ts·Ta, in which Ts is sea surface temperature and Ta 
is the atmosphere t~mperature - the mean of an isothermal 
and dry adiabatic extrapolation of the boundary layer 
temperature to the sea surface. 

3 . Evaporation over the sea 

(19 ) 

in which qs is .8 of the calculated saturation specific 
humidity for the particular sea surface temperature and qa 
is the specific humidity of the bottom layer. 

4. Dry and saturated adiabatic adjustments 

(a) Dry 

H • 0 . 50005 (0 _ 0 ) , a 
du 6t \I L 

(20) 

in which Hdu and H di, equal in magnitude but opposite in 
sign, are applied to vertically adjacent upper and lower 
layers. respectively. The value .00005 is a slight overadjust
ment. At is a time step in seconds. Vertical mixing of 
specific humidities occurs with dry adiabatic adjustment. 

(b) Satumted 

(21 ) 
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{~O t is calculated as a function of mean relative humidity 
and the vertical lapse rate of temperature between two 
adjacent layers. Hsu and HsJ." equal in magnitude and 
opposite in sign, are applied to the upper and lower layers, 
respectively. This adjustment can occur between an isother
mal and a dry adiabatic vertical lapse rate of temperature. 
In making adjustments to potential temperature, potential 
and internal energy are conserved locaHy. 

5 . Short wave radiation 

. ...!L 6.F 
"R '" C" Ap 

P 
(22) 

in which dF is a function of the solar constant, the sun 
angle. and clouds, parameterized from relative humidity. In 
the absence or near absence of clouds, heating of the 
bottom-layer over terrain can occur. Such heating is not 
allowed over sea. 

6. Latent heating 

(23) 

in which ~ q .... q-qs . q is specific humidity and Qg is 
saturation specific humidity, which is defined as .8 of the 
calculated qs' L is la tent heat of evaporation. Half of dq is 
dropped to the earth's surface as precipitation and the 
other half is evaporated into the next layer below. 

7. Long wave back radiation 

( 8 ) 

(24) 
(b) (M)m (io - 'Oi 

( c) '0 
re1T~"a . 
E Tf~~ 

g 

(~8)H is an average value for the grid of all heating effects 
from 2., 4., 5., and 6., above. So calculated, .25 of this 
value is subtracted in the following time step from all the 
immediate past time step values of potential temperature. 
The .25 multiplier results from the time smoother employ
ed. ~ lla represents the mass of a grid element.(d 0>rnis an 
average value for the grid of a correction factor for a 
.£.ooling tendency of the model. (Jis calculated initially as 
00 and each time step thereafter as OJ from the current time 
step values. (~e)m is applied the following time step to the 
immediate past time step potential temperature values. 
Layers of the model are treated independently in calculat
ing and applying both (~e)H and (~elm. 


