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HEMISPHERIC SPECIFICATION OF SEA LEVEL PRESSURE
FROM NUMERICAL 700-MB. HEIGHT FORECASTS

WILLIAM H. KLEIN
Techniques Development Laboratory, Washington, D. C.

and

BILLY M. LEWIS
National Hurricane Research Laboratory, Miami, Fla.

ABSTRACT

An objective method of translating a map of 700-mb. height into its
accompanying chart of sea level pressure is derived from 17 years of daily
data at 469 grid points covering the Northern Hemisphere during every other
month of the year. The method involves application of the screening tech-
nique to derive multiple regression equations which automatically incorporate
a prediction of thickness implied by the 700-mb. circulation. On the average,
the specification equations explain almost 70 percent of the pressure vari-
ance by means of approximately three heights and have a standard error of
estimate of about 4mb. The variation of these and other properties of the
equations with geography, latitude, and month is illustrated and discussed.

The equations have been programed with the aid of spatial harmonic
analysis, so that automatic, curve-followed, sea level pressure maps can be
produced in a few minutes. The program has been applied to 36-hr. baroclinic
and 72-hr. barotropic prognostic heights routinely prepared in the National
Meteorological Center. The resulting objective forecasts of the hemispheric
sea level pressure field are illustrated and compared with predictions pro-
duced by other methods.

Valuable climatological material is also presented, particularly hemi-
spheric monthly maps of the standard deviation of daily 700-mb. height and
sea level pressure and the correlation between these variables.

1. INTRODUCTION

Statistical prediction of tomorrow's sea level pressure from today's
pressure at a network of surrounding cities of means of ordinary multiple
regression was attempted during World War II independently by both Schumann
[19] and Wadsworth [26]. The number of possible predictors was reduced by
Miller and Malone [14], who used Tschebysheff orthogonal polynomials in 1956
to predict daily sea level pressure at 91 grid points in North America. In
order to derive a completely uncorrelated set of predictors, Lorenz [10]
replaced the Tschebysheff polynomials by a set of empirical functions which
would be mutually orthogonal in time as well as space. These so-called
"empirical orthogonal functions" were used by Shorr [21] to predict sea level
pressure in the United States, and the method was extended to a hemispheric
scale by White et al. in 1958 [27].



An alternate method for conserving degrees of freedom is the screening
procedure, a stepwise method of multiple regression introduced to meteorology
by Bryan (unpuhblished) and Miller [13]. Screening was applied extensively
to derive prediction equations for sea level pressure at a few cities by
Miller [13], for hurricane motion by Veigas et al. [24], for east coast
cyclones by Veigas and Ostby [25], for sea level pressure change by Lund
[11], for anticyclone motion by Martin et al. [12], and for typhoon motion
by Arakawa [1].

Although results of the above studies were promising, few were applied
in operational forecasting, largely because of the success which has been
achieved in predicting the circulation pattern by dynamical methods. However,
experience with numerical weather predictions during the past decade has
demonstrated that both baroclinic and barotropic models give better results
in the mid troposphere than at sea level [3]. Although a numerical model for
1000-mb. prognosis developed by Reed [16] has been found quite helpful as a
forecast aid, prognostic charts transmitted over facsimile by the National
Meteorological Center (NMC) in Suitland, Md., are still prepared objectively
for upper levels but subjectively for the surface.

The purpose of the present study was to develop a completely objective
method of translating an upper-level height forecast into its accompanying
chart of sea level pressure. This has been accomplished by applying the
screening technique to a historical file of observed maps and then applying
the resultant regression equations to numerical prognostic heights. A
similar combination of statistical and dynamical techniques was used for
objective prediction of surface temperature [8], clouds and precipitation
[7], and sea level pressure [17].

In a recent paper [5], multiple regression equations were derived for
sea level pressure at 70 points in and near North America by applying the
screening technique to 10 years of 5-day mean 700-mb. height, with all data
expressed as departures from normal at a rather coarse grid of points. On

the basis of extensive tests with this method, the following conclusions
were drawn:

1. There is no appreciable lag between sea level pressure and 700-mb.
height, so that specification from a concurrent chart offers more promise
than prediction from an earlier one.

2, There is no appreciable difference in the accuracy, nature, or be-
havior of equations derived from daily or 5-day mean data.

3. No appreciable improvement is obtainable by the inclusion of earlier
heights or pressures as predictors.

4. In general, equations with a small number of terms hold up better
on independent data than those with a large number.

2. BASIC DATA AND PROCEDURE

In view of these conclusions, a project was conducted to derive multiple
regression equations for specifying daily sea level pressure from simultaneous



daily 700-mb. height over the entire Northern Hemisphere. This was done
separately for every other month of the year by applying the screening
program to each day of 1200 GMT grid point data” in the historical file of
the Extended Forecast Division of the National Meteorological Center. Here
synoptic maps of 700-mb. height and sea level pressure covering most of the
Northern Hemisphere have been carefully analyzed twice daily, and heights
and pressures at standard intersections of latitude and longitude have been
routinely interpolated from these analyses and entered on punched cards.
Since the 700-mb. maps were analyzed in part by upward extrapolation from
sea level, analyses at the two levels are not completely independent, and

this may color the results of this investigation particularly in regions of
sparse data.

Two separate derivations were made, one for the even grid of points,
shown by dots in figure 1, for every 10° of latitude from 20°N. to 90°N.,
and the other for the odd grid, shown by boxes in figure 1, for every 10°
of latitude from 25°N. to 75°N. The period of record began on January 1,
1947, in most of the Western Hemisphere, on January 1, 1948, in most of the
Arctic and northern Siberia, and on January 1, 1951, at low latitudes of the
Eastern Hemisphere. The exact areas and dates used are delineated in figure
1. No derivation was made in the Tropics because of inadequate data. Since
the input data ended on December 31, 1963, there were 17 years of data in

the Western Hemisphere, 16 years in the Arctic, and 13 years in the Eastern
Hemisphere.

Since the particular screening program used for this study could accomo-
date a maximum of only 50 dependent and 150 independent variables, since 469
grid points in the Northern Hemisphere were considered, and since different
periods of record were available in different areas (fig. 1), a total of 15
screening runs was made for each month. Table 1 shows the area and number of
variables in each run. There were three basic groups corresponding to the
three areas of figure 1. The Western Hemisphere was covered by three runs
for the even and two runs for the odd grid, the Arctic area by three runs for
the even and three runs for the odd grid, and the Eastern Hemisphere by two
runs for the even and two runs for the odd grid. The North Pole was included
only once - as the last variable in run number 6. Since the runs covered
partly overlapping areas, some points had more than one derivation, and in
these Cases preference was given to the run based on the longest period of
record. :

It would have been desirable to express all pressures and heights as
departures from a daily normal, but this would have required considerable
extra work. Therefore, all pressures and heights were taken as absolute
values, and the effect of seasonal trend was removed by including the day of
the month as the last independent variable in each screening run. This is a
simplified version of a scheme used successfully by Russo, Enger, and Sorenson
[18].

1Prior to June 1, 1957, the sea level maps were based on 1230 GMT data, and
the upper-air maps on 1500 GMT data. The small errors introduced by these
time differences have been neglected in this study.
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Figure 1. - Diamond grid of points for which data were processed and first
month used in derivation. Equations were derived for 253 points
in the even grid (dots) and 216 points in the odd grid (squares).



Table 1. - Areas covered and number of variables used in different screening
runs to derive equations for specifying sea-level pressure as a function of
700-mb. height on a hemispheric basis.

Run Area Grid Lat(°N) Logﬁitudes
Pressure No. Height No.
1 western even 20-T0 340-050 48 | 340-200 138
2 western even 20-T0 060-130 48 340-200 138
3 western even 20-T0 140-200 48 | 340-200 138
L western odd 25-65 355-085 50 345-205 115
5 western odd 25-65 095-185 50 | 345-205 115
6 arctic even 50-80 000-110 48 000-350 1hl
i arctic even 50-80 120-230 48 | 000-350 14k
8 arctic even 50-80 2k0-350 48 | 000-350 1hk
9 arctic odd 45-75 005-115 48 | 005-355 sk
10 arctic odd 45-75 125-235 L8 | 005-355 1hh
11 arctic odd L5-75 2k5-355 L8 005-355 144
12 eastern even 20-60 170-260 50 170-000 100
13 eastern even 20-60 270-350 L5 170-000 100
1k eastern odd 25-65 175-265 50 175-005 100
15 eastern odd 25-65 275-345 ko 175-005 100




3. CLIMATOLOGICAL RESULTS

As a by-product of this investigation, considerable data of climato-
logical interest were obtained. One example is the geographical and monthly
distribution of the standard deviation of daily 700-mb. height and sea level
pressure. The results are presented in map form in figures 2 and 3.

Similar charts were published earlier for sea level pressure by Klein [6]

and by Schumann and Van Rooy [20], and for 700-mb. height by Klein [6],
Friedman [4], and Ratner [15], However, previous data samples were consider-
ably more restricted in size, area, and period of record than the present one.

The patterns of the charts shown here are basically similar to those
published previously. In all cases the principal variation is in the merid-
ional direction, with sharply decreasing values from about 60°N. southward.
There is also considerable zonal variation, however, with smaller values
over North America and Asia and larger values over oceanic areas. The
relative minimum over North America is more pronounced at 700 mb. than at
sea level; and east of the continental divide, a relative minimum at 700 mb.
is superimposed on a relative maximum at sea level.

In all months centers of maximum appear at both sea level and 700 mb.

in the vicinity of the semi-permanent Tcelandic and Aleutian Lows. Additional
maxima are found along the northern border of the Soviet Union or in the
Arctic Ocean on most of the charts. Secondary minima frequently appear in
parts of Canada and Greenland. The effects of tropical cyclones are reflected

in weak centers or ridges of maximum during the summer months off the coasts

of Formosa and Mexico. Otherwise there is generally little difference in the
patterns between different months and between sea level pressure gnd TUD-mP.
heights. However, the magnitudes are roughly twice as great in winter as in
summer.

The standard deviations shown in figures 2 and 3 were averaged by lati-
tude with results given in table 2. 1In nearly all cases values increase
rapidly from minima at 20°N. to maxima at 60° or 65°N., with only slight
change from there poleward. Between 65° and 80°N. variability decreases with
increasing latitude during January and November, increases in March and July,
and fluctuates irregularly during May and September. For the year as a whole,
maximum values occur at 65°N. at both sea level and 700 mb.

Another statistic of climatological interest is the simple linear corre-
lation coefficient between simultaneous values of sea level pressure and
700-mb. height directly overhead. This local correlation is illustrated in
map form in figure 4 and in tabular form, averaged around latitude circles,
in table 2. The latitudinal variation is quite similar from month to month;
with positive values at all latitudes and minima at 20°N., maxima at 80°N.,
and secondary maxima at 60°N. during March, May, July, and November.

The geographical distribution of the local correlation coefficient also
exhibits little seasonal variation. It exceeds 0.8 in most of the Atlantic,
Pacific, and Arctic throughout the year, with maximum values greater than
0.95 off the coast of Iceland during all months except July and over the
Aleutians in January and November. High correlations over maritime areas
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reflect the prevalence of equivalent-barotropic conditions in which Lows are
generally cold and Highs warm.

On the other hand, the coefficients of figure 4 are less than 0.5 in
many continental areas where baroclinic conditions prevail. A well-defined
axis of minimum correlation is located just east of the Rocky Mountains during
all months, with values as low as 0.35 in January. This area is characterized
by shallow cold Highs and warm Lows, so that local 700-mb. height is a rather
poor indicator of sea level pressure. Local coefficients of less than 0.5
also occur in southern portions of North America and Asia and over North
Africa, where poor data and small variability permit errors of analysis and
observation to lower the correlation.

An interesting feature of figure 4 is the steady northward shift of the
center of minimum correlation off the west coast of North America from 20°N.
in January to 32°N. in September, when coefficients of 0.7 appear at 20°N.
Somewhat similar shifts may be noted along the Asiatic coast, where maxima
appear south of Japan during July and September, and in the east-central
United States, where maxima appear over Florida in July and September. These
are probably related to seasonal migrations of tropical cyclone activity and
the belt of subtropical high pressure.

4. SPECIFICATION EQUATIONS

Figure 4 tells how well we could specify sea level pressure from just
one 700-mb. height directly overhead. In order to obtain improved results,
the screening regression method [13] was applied to select additional heights
which contribute significantly and independently to the pressure.

Multiple regression equations resulting from this procedure are illu-
strated for two points for March in figure 5. The equation on the left is
for the sea level pressure at 50°N., 10°W., just southwest of the British
Isles. The most important single predictor of pressure at this point is the
simultaneous 700-mb. height at the same point, which explains 90 percent of
the pressure variance. The height which contributes the most additional in-
formation is located 10° to the east. Combination of this height with the
first one explains 93 percent of the variance of pressure at the first po}nt.
Since no additional predictor is able to increase this explained variance
by even 2 percent, only these two heights were selected for the final equation.

In the equation the heights appear in the order selected. The positive
sign of the first regression coefficient indicates that when heights are
high at 50°N., 10°W., pressures are high there also, and conversely for low
values. The negative sign of the second regression coefficient indicates
that northexly flow between low heights at the second point and high heights

In the remainder of this paper the term "explained variance" will be used to
denote the percent of pressure variance explained by selected heights. It is
also known as '"'reduction of variance'" or ''coefficient of determination' and
is equal to the square of the multiple correlation coefficient.
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Figure 5. - Multiple regression equations used in specifying sea level pres-

sure (p in mb.) during March. The left side is for the pressure
at 50°N., 10°W. as a function of the concurrent 700-mb. height
(H in tens of feet minus 700) at the same p01nt and 10° to the
east. The right side is for pressure at 55°N., 105°E. as a
function of height at the points indicated and also of the day
of the month (D). In both cases the location of the selected
height is given by the open circle, the order of selection by
the number above, and the percent of variance explained after
inclusion of the given predictor by the number below.

at the first point favors high pressure, presumably through cold air advec-

tion;

the converse favors low pressure under warm air advection produced by

southerly flow.

This point has the closest relation between pressure and height of any

point in the Northern Hemisphere during March. 1In all other respects,
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however, its equation is typical of
those derived at maritime locations

of the Atlantic, Pacific, and Arctic.
A different type of equation, o DON. 1058 .
typical of continental areas, is
illustrated on the right side of vozsl
figure 5 for the sea level pressure i
in March at 55°N., 105°E. just west 2
of Lake Baikal in Siberia. Here the R
local 700-mb. height is not selected 2 5°NJ°€3a~hH\
as one of the predictors. Instead Tl 7
heights 10° to the north, 10° to the R P
west, and about 1700 mi. to the north- @, .[
west are selected, with explained 5 Qﬁf;rﬁix’"“w W,
variance increasing gradually from =N Y T
44 percent to 60 percent. The posi- i -
tive signs of the regression co- BON, T8O =™
efficients before each of these L
heights in the equation indicate that S
pressure systems near Lake Baikal o S (S SN NN S—,
normally slope northwestward from sea ‘
level to 700 mb. Another interpreta- Figure 6. - Variation of normal sea

tion is that northeasterly flow at
700 mb. favors low thickness values
and high pressure at sea level, while
southwesterly flow favors high thick-
ness values and low pressure.

level pressure from December 15 to
July 15 at grid points indicated.

The two vertical lines delineate the
month of March. Normals were obtain-
ed from harmonic analysis of 16 years
of daily data [9].

The second predictor selected in this equation is the day of the month
(D), which raises the explained variance from 44 percent to 50 percent. The
negative sign before the regression coefficient of this term in the final
specification equation shows that sea level pressure at Lake Baikal normally
decreases during the course of the month of March, as illustrated in figure 6.

Figure 6 gives the variation of normal sea level pressure from December
15 to July 15 at four different grid points and was obtained from temporal
harmonic analysis (maximum of five Fourier components, Lewis [9]) of the
basic synoptic data described in section 2. At 55°N., 105°E., near Lake
Baikal, there is a marked annual cycle with an almost linear drop of pressure
from March 1 to April 1. A point in central North America, at 50°N., 100°W.,
has a similar trend, but with smaller amplitude and some phase displacement.
Here too, as at most points over Asia, Africa, and North America, the day of
the month is selected as a predictor. On the other hand, the day is not
selected over maritime locations, such as 50°N., 10°W. in the Atlantic or
50°N., 150°W. in the Pacific, whose curves show that the seasonal trend of
pressure during March is negligible.

Figure 7 shows the percent of the pressure variance explained by the
specification equations during the course of the year. Little difference
in pattern is discernible from month to month, but values are somewhat lower
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in summer, and there is considerable geographical variation. Maxima in
excess of 80 percent occur over the maritime areas of the Arctic, Pacific,
Atlantic, and Europe, where equivalent barotropic conditions prevail. Minima
under 60 percent are found over continental areas of North America and east-
ern Asia, where baroclinic and mountain effects complicate the relation
between pressure and height. The patterns of figure 7 are generally similar
to those for the local correlation (fig. 4) and for the standard deviation of
pressure (fig. 3). This demonstrates the dependence of the explained vari-
ance upon both the local pressure-height relation and the general level of
pressure variability.

Figure 8 maps the standard error of estimate of predictions made from
the specification equations. In about 68 percent of the cases for a normal
distribution, the error in specifying pressure from observed heights should
be less than the values shown in this figure. Largest errors (7 mb.) can be
expected in January and March in portions of Canada and Siberia, where the
specification is poor; smallest errors (less than 2 mb.) should occur through-
out the year in the Tropics, where variability is very low.

Figure 9 summarizes values averaged on a hemispheric basis as a function
of latitude for the month of March. The upper curves show the correlation
coefficients between sea level pressure and 700-mb. height, plotted first
for strictly local values and then for the multiple correlation coefficients
of the final specification equations. The difference between the two curves
represents the improvement obtained by considering the entire field of 700-
mb. height instead of just the local height. Both correlations diminish
sharply at low latitudes, where analysis and observational errors become of
great importance because of small pressure variability. This is illustrated
by the lower curves, which give, first the standard deviation of observed
sea level pressure, and then the standard error of estimate of the speci-
fication equations, both in millibars. The difference between these two
curves gives some idea of the improvement over climatology yielded by the
specification equations. This difference is greatest at high latitudes,
where both the standard deviation and the multiple correlation are largest.

Similar information on latitudinal averages is contained in table 2 for
all months studied. The distributions are generally similar to those for
March plotted in figure 9. The explained variance reaches one maximum
around 60°N. and another at 80°N. during practically all months. However,
values are generally somewhat lower during summer than in the other seasons.
The standard error of estimate has a less regular distribution, but generally
peaks between 65°N. and 75°N. For the hemisphere as a whole, it averages
about 2 mb. less in July (2.8 mb.) than in January (4.9 mb.).

Figure 10 shows the location of the first height picked by the screening
program for the month of November. The dots denote points where the local
700-mb. height is the most important predictor of sea level pressure.

Nearly all points in both oceans, many points in northern Eurasia, and many
points in eastern Canada fall into this category. At a few points in south-
ern Asia, denoted by the letter D, the day of the month is more important
than any height in determining the sea level pressure. This reflects the
well known monsoonal increase of sea level pressure during the fall. In the
remainder of the hemisphere the first 700-mb. height selected is located west
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or north of the reference point. The
location of the height is given by
the tail of the arrows in figure 10,
the reference point by the head. MULTIPLE CORRELATION

Selection of the final multiple
regression equations was made using
the customary 2 percent cutoff cri-
terion [5], except that the local
height and the day of the month were
selected as long as they contributed
as little as 1 percent toward explain- | —
ing the pressure variance. Even so, STANDARD DEVIATION
it was rarely necessary to use more

COEFFICIENT

LOCAL CORRELATION

4 A @ 10(—
than six variables, and the average <
@ B+
number was three or four. The exact =
number used in November is mapped in Z °[
figure 11, where the stippled area 4= SYANGABD  ERRGR
denotes one or two variables in the 2= ]
equation (Atlantic, Pacific, and 0

3
Arctic Oceans), and the hatched area LATITUDEL N..)
denotes five or six variables

(continental areas). Figure 9. - Values during March averaged

over the Northern Hemisphere as a
Figure 12 delineates a few areas  gynction of latitude for: (a) the
of the hemisphere which do not select multiple correlation between observed
the local 700-mb. height as one of pressures and those given by the
the variables in the final specifi- specification equations, (b) the
catlon equations for November. They local correlation between pressure
occur mostly in the Arctic and Eastern and height at the same point, (c)

Hemisphere. .The bulk of the map ?5 the standard deviation of observed
blank, denoting that the local height i essure, and (d) the standard error
1s picked as one of the predictors. of estimate for pressures forecast

. from the specification equation.
Figure 13 is similar to figure

12, but for the day of the month.

The areas hatched are those where the

day does not appear in the final equation, mostly over oceans. In the blank
areas the day is selected as one of the variables, although usually contri-
buting only a few percent to the explained variance. Thus these are areas
where the seasonal trend is of some importance, but it is dominant only in
the monsoonal areas of southern Asia marked by D in figure 10.

Charts like figures 10-13 were prepared for the other months of the year,
but are not reproduced here. Instead, some of their properties are summarized
in the last three columns of table 2, which gives latitudinal averages by
month. The number of variables in the regression equations is generally
greater at low than at high latitudes, with more in fall and spring than in
winter or summer. The percent of points for which the local height is se}ected
is also greater at low than at high latitudes, with smaller values in spring
than at any other time of year. The percent of points for which'the.day of
the year is selected shows the expected seasonal trend, with maxima in May
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CORN At
FIRST PREDICTOR SELECTED )

IN EQUATION FOR PRESSURE

SPECIFICATION ~-NOVEMBER

% s

Figure 10. - Location of the first variable selected by the screening program
in the equations for specifying sea level pressure in November
from concurrent 700-mb. height. The local height was picked
at points shown by dots, the day of the month at points marked
D, and the upstream height at points with arrows which originate
at the predictor height and terminate at the predictand pressure.

and September and minima in January and July. For the mean of all latitudes
and months, the equations explain 68 percent of the pressure variance by means
of three variables, have a standard error of almost 4 mb., contain the local
height at 70 percent of the points, and select the day of the year 45 percent
of the time.
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Figure 11. - Number of variables in equations for specifying sea level

pressure in November from concurrent 700-mb. height. Areas
with more than four variables are hatched, less than three
variables stippled, and three or four variables blank.
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5. OPERATIONAL ASPECTS

In order to apply the daily specification equations on a routine basis,
a program was written for the IBM 7094 which solves the multiple regression
equations at each of 469 latitude-longitude grid points, interpolates by
spatial harmonic analysis to give predicted pressures at each of 1977 points
of the square grid used in numerical weather prediction [3], and then makes
use of the electronic curve-follower to draw isobars. At 10°N. and 15°N.,
where no derivations were made because of inadequate data, the specification
cquations of 20°N. or 25°N. are assumed to apply unchanged at each longitude
except for a 10° southward shift of all points in the equation. At 85°N.,
where no grid point data are available, predicted pressures are obtained
by interpolation between computed values at 80°N. and the North Pole.

By means of this program, a completely mechanical map of the sea level
pressure distribution over the entire Northern Hemisphere north of 10°N. can
be obtained in a few minutes from any 700-mb. map. Beginning in November
1963, this program has been applied to numerical height forecasts for 36 or
72 hr. in advance and used experimentally in the National Meteorological Center.
Since the equations are available only for every other month of the year, each
set is used for a 2-month period extending from mid-month of the month preceding
-derivation to mid-month of the following month. For example, the equations for
July are applied from June 15 through August 14, the equations for September
from August 15 though October 14, etc.

A sample objective forecast for 36 hr. in advance is illustrated in
figure 14. This prediction was made by applying the November specification
equations to the baroclinic prognostic heights at 700 mb. made at 1200 GMT,
November 16, 1963, and valid at 0000 GMT, November 18. Comparison with the
verifying map observed on November 18 (fig. 15) reveals that the objective
forecast is quite good in large-scale pattern but deficient in important detail.
For example, deep Lows are missed in the eastern Pacific, Hudson Bay, northern
Russia, and eastern Siberia. The objective map is also lacking in character
at low latitudes, where a closed Low west of the Hawaiian Islands is not caught,
On the other hand, Highs over Bermuda, Alaska, Gibralter, and Siberia, and Lows
over the Atlantic, Kamchatka, and British Columbia, are all handled well.

It is apparent from these figures, as well as from routine inspection of
the daily maps, that the objective forecasts tend toward excessive smoothness
of pattern and tend to eliminate small-scale details which are frequently ob-
served on actual sea level pressure charts. In this respect the objectives
look more like space- or time-means than like forecasts prepared by conventional
or dynamical methods. For this reason they have been found quite useful in
preparing 5-day and 30-day mean predictions and are applied routinely for this
purpose in the Extended Forecast Division of NMC. However, they are considered
too smooth for daily forecasting.

One reason for this condition is the nature of the numerical height fore-
casts. Because they are systematically filtered every 12 hr. to minimize
noise and truncation errors, the prognostic upper-air chart is smoother and
has less variability than its corresponding observed chart. This is illustrated
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by figure 16, which gives the geographical distribution of the ratio of the
observed standard deviation of 700-mb. height anomaly to that forecast by 36-
hr. baroclinic prognoses prepared routinely in the National Meteorological
Center by the 3-level model of Cressman [2]. This ratio was computed separately
at each grid point by combining 9 months of the cool season from November 1962
through January 1964. The ratio is less than 1 in a few areas (shaded) where
the forecasts call for too much variability. However, in most of the hemi-
sphere, especially at middle latitudes, ratios greater than 1 show that the
numerical model is underforecasting. This tendency is most marked in the
central Pacific, where only 2/3 of the observed variability is being forecast.

The numerical prognoses are subject to another type of systematic error
because of their bias. This is illustrated by figure 17, which maps the
average difference between 36-hr. forecast and observed 700-mb. heights for
the same 9 months used previously. Negative values in the shaded areas denote
that prognostic heights average lower than observed. Positive values reach
maxima of 180 ft. in the central Pacific and 160 ft. off Newfoundland. Here
neglect of diabatic heating and subsequent cyclogenesis may cause forecast
heights to average too high. This figure suggests other systematic errors of
the numerical forecasts such as excessive northward transport of momentum,
retrogression of the ultralong waves, spurious anticyclogenesis of the sub-
tropical Highs, and complex mountain effects.

Figure 18 illustrates the procedure that was followed in order to attempt
to overcome these difficulties. The first equation shows that the heights
forecast by the numerical model were corrected for their bias, expressed in
anomaly form by subtracting the normal height, 'desmoothed" by multiplying by

the ratio of observed to standard deviation, and finally added again to the
normal.

The heights corrected in this way were substituted into the multiple
regression equations to yield regression pressures (p_). These were too weak
in intensity of pressure centers because regression forecasts always tend to
return toward the mean. This difficulty was partly overcome, as shown in the
second equation, by subtracting the normal pressure from the regression pres-
sure, dividing by the multiple correlation coefficient, and adding the inflated
anomaly to the normal. Sea level pressures forecast by means of these two
equations should have about the same variability as those observed [8, 5].

6. VERIFICATION AND CONCLUSION

Objective pressure forecasts were made by this method from the NMC 36-hr.
baroclinic 700-mb. prognoses twice each day during an independent test period
of February and March 1964. Figure 19 gives a sample forecast (left) along
with its verifying map (right). The forecasts were verified by means of the
S-1 score, a measure of relative pressure gradient error which varies from 0
for a perfect prediction through 100 for no skill, to 200 for the worst possible
forecast [23]. The score for this particular map over the North American area
was 65, but the average score for all 62 forecasts in the sample was 75, as
shown in table 3. This was superior to the average score of 91 made by per-
sistence, about equal to the score of 75 obtained for sea level forecasts made
by the Reed [16] dynamic model for the same sample, and inferior to the average
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8 To correct numerical heights:

H, = _%_(Hf - B - Hp)+ Hn

where: H is corrected height
So is standard deviation of observed height
S¢ is standard deviation of forecast height
H¢ is height forecast by numerical model
B is bias of numerical prognostic h.eight =H; -Ho

H, is normal height

2. To inflate regression pressures:

Pg =-%5(Pr - Byt Fn

where: P is forecast pressure
R is multiple correlation coefficient
P, is pressure computed from multiple regression equation

T

Pn is normal pressure

Fi B .
igure 18. Equations used to: (1) correct numerical prognostic heights for

E;as and insufficient variability, and (2) increase variability
pressures forecast from regression equations.
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Table 3. - Verification of twice-daily sea level pressure forecasts over North
America for 62 cases for March 1964 in terms of the S-1 score and the average
absolute error. (In each case, the lower the score, the better.)

Type of Forecast Period S-1 Score Error (mb.)
Objective (specification) 36-hr. 75:3 6.1
Persistence (last observed) 36-~hr. 91.0 8.6
Reed model (dynamic) 36-hr. 74.1 Tl
Conventional (NMC) 30-hr. 63.3 5.2

score of 63 yielded by the 30-hr. prognoses prepared subjectively by experi-
enced forecasters of NMC. It should be remembered, however, that the fore-
casters had the benefit of 6 hr. later sea level data, as well as the Reed
36-hr. 1000-mb. prognoses as forecast aids.

The average pressure error in millibars was also computed for each fore-
cast, with scores summarized on the right side of table 3., The relative rank
in terms of this statistic was generally similar to that obtained with the
S-1 score, except for an interchange of order between the objective specifica-
tions and the Reed dynamic model.

The specification equations were also applied experimentally to the primi-
tive equation model of Shuman [22]. Here no corrections of the type illustrated
in figures 16 and 17 were made because this model appears to exhibit greater
variability and less bias than the filtered baroclinic model. An example of
an objective sea level pressure map for 36 hr. in advance specified from prog-
nostic 700-mb. heights produced by the primitive equation model is shown in
figure 20 for December 9, 1963. Comparison with the verifying (observed) map
on the right shows that the principal features are well depicted, but again
with insufficient small-scale detail.

In order to determine whether the lack of detail in the objective speci-
fications is inherent in the regression equations, they were applied to the
700-mb. map actually observed at 1200 GMT, January 7, 1966, thereby assuming
that a perfect upper-air prognosis was available for that date. The resulting
specification is shown in figure 21, and the corresponding observed sea level
pressure map is given in figure 22. Once again there is insufficient detail
in the specified map, but the discrepancy is not as great as it was in the
case in which prognostic heights were used (figs. 14, 19, and 20). However,
the central intensity of pressure systems appears to be generally underforecast
in the specified map. Although the principal circulation features are generally
well depicted, the specification is considerably poorer in North America than
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in the remainder of the hemisphere. Further experiments along this line may
shed additional light on the behavior of the specification equations.

It may be concluded that the objective method described here can produce
in a few minutes sea level pressure forecasts which have definite skill beyond
chance, climatology, or persistence, and which are comparable in accuracy to
dynamical forecasts. It is planned to improve the objective forecasts by
incorporating data from 850- and 500-mb. levels, so that thickness will enter
explicitly rather than indirectly. It remains to be seen, however, whether
these objective sea level pressure forecasts will be superior to those produced
directly (dynamically) from Shuman's [22] new 6-layer primitive equations
model.
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